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ABSTRACT 
This dissertation describes several projects to realize low-cost and high-quality three-
dimensional (3D) microfabrication using non-photolithographic techniques for layer-by-layer 
photonic crystals. Low-cost, efficient 3D microfabrication is a demanding technique not only 
for 3D photonic crystals but also for all other scientific areas, since it may create new 
functionalities beyond the limit of planar structures. However, a novel 3D microfabrication 
technique for photonic crystals implies the development of a complete set of sub-techniques 
for basic layer-by-layer stacking, inter-layer alignment, and material conversion. 
One of the conventional soft lithographic techniques, called microtransfer molding 
(|iTM), was developed by the Whitesides group in 1996. Although (J.TM technique 
potentially has a number of advantages to overcome the limit of conventional 
photolithographic techniques in building up 3D micro structures, it has not been studied 
intensively after its demonstration. This is mainly because of technical challenges in the 
nature of layer-by-layer fabrication, such as the demand of very high yield in fabrication. 
After two years of study on conventional |iTM, We have developed an advanced 
microtransfer molding technique, called two-polymer microtransfer molding (2P-|iTM) that 
shows an extremely high yield in layer-by-layer microfabrication sufficient to produce highly 
layered microstructures. The use of two different photo-curable prepolymers, a filler and an 
adhesive, allows for fabrication of layered microstructures without thin films between layers. 
The capabilities of 2P-jiTM are demonstrated by the fabrication of a wide-area 12-layer 
microstructure with high structural fidelity. 
Second, we also had to develop an alignment technique. We studied the lst-order 
diffracted moiré fringes of transparent multilayered structures comprised of irregularly 
deformed periodic patterns. By a comparison study of the diffracted moiré fringe pattern and 
detailed microscopy of the structure, we show that the diffracted moiré fringe can be used as 
a nondestructive tool to analyze the alignment of multilayered structures. We demonstrate the 
alignment method for the case of layer-by-layer microstructures using soft lithography. The 
alignment method yields high contrast of fringes even when the materials being aligned have 
very weak contrasts. The imaging method of diffracted moiré fringes is a versatile visual tool 
for the micro fabrication of transparent deformable microstructures in layer-by-layer fashion. 
Third, we developed several methods to convert a polymer template to dielectric or 
metallic structures, for instance, metallic infiltration using electrodeposition, metallic coating 
using sputter deposition, dielectric infiltration using titania nano-slurry, and dielectric coating 
using atomic layer deposition of Titania. By several different developed techniques, high 
quality photonic crystals have been successfully fabricated; however, I will focus on a line of 
techniques to reach metallic photonic crystals in this dissertation since they are completely 
characterized at this moment. 
In addition to the attempts for photonic crystal fabrication, our non-photolithographic 
technique is applied for other photonic applications such as small optical waveguides whose 
diameter is comparable to the wavelength of guided light. Although, as guiding medium, 
polymers have tremendous potential because of their enormous variation in optical, chemical 
and mechanical properties, their application for optical waveguides is limited in conventional 
photolithography. By 2P-piTM, we achieve low cost, high yield, high fidelity, and tailorable 
fabrication of small waveguides. Embedded semiconductor quantum-dots and grating 
couplers are used for efficient internal and external light source, respectively. 
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CHAPTER 1. GENERAL INTRODUCTION 
Electromagnetic waves in periodic medium 
When waves propagate in inhomogeneous medium, they reflect or refract at each 
boundary of different media. Moreover, these waves mutually interfere constructively and 
destructively. The effects 
of multiple interference 
are almost ubiquitous in 
our life, for example, the 
waves at seashore in Fig. 1. 
By arranging different 
media periodically, the 
propagation behavior of all 
Figure 1. Satellite photograph of a seashore near Crescent kinds of waves can be 
City, CA 
significantly altered in a 
specific range of wavelengths similar to the periodicity of the arrangement, even for water 
waves[l, 2]. 
Light is an electromagnetic wave whose propagation in inhomogeneous media can be 
predicted with sufficient accuracy by solving Maxwell's equations. Maxwell's equations for 
isotropic dielectric mediums are: 
V H ( r , 0  =  0 ,  ( 1 - 1 )  
V-£(r)E(r,0 = 0, (1-2) 
2 
VxE(r,0+- a" ( M )=0, 
c dt 
(1-3) 
VxH(r,/)- g(r)8E(r,Q _Q (1-4) 
c dt 
, where E(r,f) and H(r,z) are electric and magnetic field propagating an inhomogeneous 
medium whose dielectric constant is given by f(r). Because of the spatial dependency of 
dielectric function, f(r), in general, the solutions for electromagnetic waves propagating in 
inhomogeneous medium should be found by numerical calculations. One method is solving 
an eigenvalue equation for harmonic modes for both electric and magnetic field. The 
eigenvalue equation for the magnetic field is given by 
, where H(r,f) = H(r)e ,a" . 
By alternate arranging two slabs having different refractive indices with a proper 
periodicity and thicknesses, we can make a one-dimensional (ID) photonic crystal (PhC) 
which can prohibit the propagation of light in the direction normal to the slabs for certain 
ranges of frequencies, called photonic band gaps (PBGs). In spite of the simplicity of ID 
PhC, it is still worthy for understanding two-dimensional (2D) or three-dimensional (3D) 
systems because the physical origin of the photonic band gaps in a three-dimensional PhC is 
the same. In the ID PhC shown in Fig. 2, the intensity of light propagating forward is 
reduced whenever the light passes each boundary since a part of forwarding light is reflected 
at the interfaces. As a result, the intensity of light reflecting backward approaches that of 
incoming light by constructive interference. For systematic interference, each layer has an 
(1-5) 
3 
optical path length of L A  of a certain wavelength, equivalent to a phase change of tc/2, 
therefore, all reflected light has same phase, it + Inn, where n = 0,1,2, • • •. 
n1 < n2 
ir/2 
ir/2 
ô=4xtt/2 + ir = ir+2îr 
Figure 2. Illustration of multiple reflections occurring at the boundaries of a multilayer stack. 
The phase inversion at an interface happens only if light propagates from a relatively low 
refractive index medium to high refractive index medium. 
The ID PhC has been known as a Bragg reflector and it can achieve more than 99 % of 
reflectivity only for a certain frequency range of light propagating in a narrow range of 
directions, usually perpendicular to the surface normal. In spite of this limitation, the Bragg 
reflector is crucial when high reflectivity more than 99 % is required because metallic 
mirrors cannot reach such a high reflectivity. So Bragg reflectors have often been used to 
form optical resonators for lasing. 
4 
For a ID periodic system, by assuming isotropic and dielectric medium, we can solve 
the system using the boundary conditions. Fig. 3 shows a boundary of two different mediums 
and electromagnetic waves, where each medium is denoted by i(i = 1,2). 
plane boundary 
Et.(p.z) 
Figure 3. Electric fields of the TE and TM waves at the boundary of two homogeneous 
mediums. 
The electric fields at the boundary can be specified by the boundary condition as the 
following matrix equation [3,4]: 
5 
E 2_ { S , Z )  
E 2 + (  P , Z )  
V^2-(P,Z), 
= M21(n21,02) 
2n2lc2l  
r  E i+(s,z)^ 
Ei-(s,z) 
E l+(p,z) 
v £,_(/?, z) 
n2lC2l +1 W21^21 1 
n2lC2\ ~ 1 n2\C2\ 1 
0 
0 
0 
0 
0 
0 
n21 "*"C21 
-n21 +c21 
0 
0 
n21 C21 
«21 + C2\ J 
Ei_(s,z) 
E1+(p,z) 
E^(p,z) 
(1-6) 
,where n2l=n2/n15 c2l=cos02/cos0 l  . And + and - sign mean forward and backward 
propagations, repectively. Now, we consider wave propagation in a layer ( i = 2 ) whose 
thickness is d2 = z2- z, (see Fig. 4). 
Z, 
> 
X e 3  
L 
z 
^3 n, 
8% 
c i2 "2 
\°2 e2yZ 
Zi 
X 
01 Xs^ n1 
Figure 4. Propagation of electromagnetic waves through dielectric layers. 
6 
The electric field at the next boundary ( z = z2 ) is give by 
r  E2+( S , Z 2 )  
E 2 _ ( S , Z 2 )  
E2+{p,z2) 
E2_(p,z2) 
= N22(k2d2,d2) 
R  E 2+( S ,  z,) 
£2-(S'Zi) 
E2+{p,Zi) 
E2Ap,Zi) 
( gik2d2 cosS2 
0 
0 
0 
0 
ik2di cos 9i 
0 
0 
y 
0 
0 
cose2 
0 
0 
0 
0 
-ikodf cos 
£2_Cs,Z,) 
£2-(P'Zi). 
(1-7) 
yv 
, where k2 is a magnitude of a wave vector in the medium (i = 2). From Eqs. (1-6) and (1-7), 
The explicit expression for the electric fields in a vacuum across a single dielectric layer with 
thickness J2, and refractive index n2 is 
r  E0+{s,zx+d2)^ 
E0_(s, Zj +d2) 
E^{p,zx+d2) 
E0_(p,ZI +d2) 
— PQ20 (^2^2 ' ^2 ' @2 ) 
£o+(W 
5o_(s,z,) 
E0+(P>Z i) 
£0-(P'2i). 
(1-8) 
where 
^020 (^2^2 ' W2 ' ^2 ) — ^0, 
y 
z2cos^. +z'/jf, sin ^ 
-(Vr sin ^ 
0 
0 
N 6 ( n ^ d j )  
iK. sin 5 0 0 
2 cos (5) - (%. sin ^ 0 0 
0 2 cos ^  + i<Ji sin ô t  ip i  sin S t  
0 -ipt sin ôi 2cos ôi - z'cr sin ôi 
(1-9) 
with 
7 
Xi -
cos ft0 + n i  cos d i  
n. cos y. cos ft, 
ZC; COS 0g + M, COS ft. 
CT. = 
My COS ft; COSft0 
cos ft, + n i  cos ft0 
n; cosft0 COS ft; 
cos ft; n, cosft0 
(1-10) 
A = 
Zl; cos ft0 COS ft, 
^ = n,.fc0J, cos ft, 
Any stacked slabs can be expressed by multiplication of the matrices in Eq (1-9) as the 
following: 
r  E0+(s,z l+d1 H 1-dj)^ 
E0_(s,Zi + dx H hd t) 
E^{p,zx +dy-\ \-d t) 
yE0_(p, Zj +d i  +---+d i)J 
— ^0,0 (&^I ' ni ' ) " ' ^ 020 (&2^2 in2>@2 )^010 (^1^1 
E0+(s,zx) 
^0-(^Z|) 
^H-(P.Zl) 
(i-n) 
We can calculate reflectance and transmittance of any system consisting of dielectric slabs by 
calculating the matrix equation after putting E0+ (s, z,) = 1 and E0_(s, z t+d t-\ \-d i) = 0. 
As an example, consider homogeneous titania slabs in vacuum whose refractive index 
is 2.7 and thickness is a quarter-wave thick ( 50.9 nm for green light) and their separation is 
also a quarter-wave thick ( 137.5nm for green light). This is the same system shown in Fig. 3. 
The calculated transmittance by the matrix multiplication is shown in Fig. 5 for different 
numbers of the slabs. As the number of the slabs increases, corresponding transmittance 
drops around a PEG around the target wavelength (A = 550 nm ). 
8 
8 
c 
S 
i 
c 
CD 
101 
10° 
10" 
10 
10" 
•3 
H1(LH) 
H2(LH) 
H3(LH) 
— 
I 
300 400 500 600 700 800 900 1000 
Wavelength (nm) 
Figure 5. Transmittance of a ID photonic crystal consisting of Titania slabs as a function of 
a number of the slabs. A high-refractive index slab is denoted as "H" and low-refractive slab 
as "L". For instance, H2(LH) means a multilayer structure consisting of three high refractive 
index slabs and two low refractive index spacer, here vacuum. 
Numerical simulation: Finite-difference time-domain (FDTD) method 
For multi-dimensional inhomogeneous medium, numerical calculation is widely used. 
In this section, I'll briefly introduce a simulation method, finite-difference time-domain 
(FDTD) method. From the Faraday's law and Ampere's law in Maxwell's equations, we can 
introduce a set of finite-difference equations by Yee [5]. The z-component of the vector 
equations in Eqs. (1-3) and (1-4) can be expressed by [6, 7] 
9 
3H(r,p 
dt 
= cVxE(r,/) 
H z(x0,y0,t0 +A?/2) Hz(x0,y0,t0 At/2) 
At 
-*0, iXo + Ay / 2, fo ) - , X) - Ay / 2, fQ ) 
Ey{x0 + Ax/2,y0,t0) Ey(x0 Ax/2,y0,t0) 
Ax 
(1-12) 
3E(r,p 
dr £(r) VxH(r,0 
Ez(x0 +Ax/2,y0,t0 +At/2)-Ez(x0 + Ax/2, y0,t0-At/2) 
At 
Hy(x0 + Ax, y0,t0)-Hy(x0,y0,t0) 
d-13) 
£(x0 + Ax/2, yQ) 
Ax 
H
x(xo>yo+ Ay / 2> to) - H x (xo>yo-Ay/2,t0)  
Ay 
Other components of the equations can also be expressed similarly. The Eqs. (1-12) and (1-
13) are graphically depicted in Fig. 6a and 6b. From Eq. (1-12), the z-component of the 
magnetic field for one time-step future, Hz(x0,y0,tQ +At/2), can be given by the x- and y-
components of the electric field of a half time-step past, Ex(x0,y0+Ay/2,t0) , 
Ex(xo*yo~Ay^2,/0)> Ey(x0+Ax/2,y0,t0), and Ey(x0-Ax/2,y0,t0) with the z-component 
of the magnetic filed for one time-step past, Hz(x0,yQ,t0-At/2). For other components of 
the magnetic field and electric field for a time-step future can also be given by using similar 
way. Note that the discrete space-time space for the electric field and the magnetic field are 
10 
relatively shifted by a half lattice. Because of the first order approximation for a temporal and 
spatial derivative of both fields, the errors are proportional to (Af)2 and (Ax)2, respectively. 
Once the spatial cell size Ax is chosen, the time step At is determined by 
Ax A r < -
:y[N 
(1-14) 
, where c and N are the speed of light in vacuum and the dimensionality of space. The 
condition is known as Courant condition and the finite element calculation shows the most 
efficient performance under this condition. 
+A*/2./,,4 +Af/2) 
Figure 6. Illustration of the FDTD method to calculate a z-component of (a) magnetic field 
and (b) electric field. 
The FDTD method is preferred when time-dependent visualization for complex geometry 
including non-periodic structures is required. Although vast system resource is usually 
required for 3D calculations, it is getting easier as the calculation performance of computers 
is steadily increasing. 
11 
I will demonstrate some interesting phenomena happening in periodic structures, 2D 
dielectric PhCs using the FDTD method. A 2D PhC slab is constructed by arranging 
dielectric cylinders with a square lattice in air and its surface normal is along the (11) 
direction. Each pillar has a dielectric constant f = 14 and a radius of r = 0.3a, where a is 
the lattice constant. It was known that the structure shows negative refraction at a frequency, 
CD = 0.192(2#da), for the TM polarization mode [8]. When the negative refraction appears, 
an incident beam follows Snell's law for a negative refractive index, and propagates the 
opposite side of the surface normal. 
Figure 7. Negative refraction in 2D PhC is simulated by the FDTD method, (a) The time-
averaged electric field shows negative refraction at the two boundaries of the PhC slab, (b) 
Super-lensing effect is shown when a point source is in front of a first interface of the PhC 
slab. 
A point source is place the bottom left corner of simulation space and generating waves are 
focused using a metallic horn in Fig. 7a. The time-averaged z-component of the propagating 
electric field shows a beam path exhibiting the negative refraction. The incident angle is 45 
degree and its corresponding refraction angle is about negative 16 degree in the PhC slab. A 
standing wave is observed between two interfaces of the PhC slab. This negative refraction 
also enables to focus light by flat interfaces, known as super-lensing effect [9]. In Fig. 7b, a 
point source is placed in front of a front interface of the PhC slab and its position is marked 
as a circular spot. The radially propagating waves do not diverge in the slab and make an 
image at the second boundary of the slab. Because the lattice constant of a PhC should be 
multiple times smaller than the wavelength of electromagnetic wave showing the negative 
refraction, in general, the demonstration of negative refraction in optical regime seems 
difficult practically although a negative refraction the near infrared range was reported [10]. 
Another interesting simulation might be a waveguide at a small scale, comparable to 
the wavelengths of guided light. Doubtlessly optical fibers are the well-known waveguides 
for optical wavelengths from near infrared to visible. The optical fibers rely on a total 
internal refraction at the boundary of a guiding medium to confine light. The light 
confinement along radial direction may not work if the curvature of an optical fiber is large. 
This limitation has been a driving force to use PhCs for optical waveguiding in a small scale, 
such like integrated optical circuits. A calculation result of a waveguide in a 2D PhC with 
sharp bending is shown in Fig. 8a. 
\ 
1 
(a) (b) 
6|LV: 
Figure 8. (a) Electric field of TM mode in a PhC waveguide; (b) Experimental demonstration 
of a PhC waveguide [11]. 
The PhC in Fig. 8a has defects by removing a number of dielectric cylinders to make a 
passage of light. A near-infrared light source, A = \.5fim , is placed at one end of the 
waveguide, bottom left. Since an electromagnetic wave whose frequency is in a PEG of a 
PhC can not propagate, the electromagnetic wave can propagate along the defect of the PhC. 
In the numerical simulation, light from the source efficiently propagates although the 
waveguide has four sharp 90-degree bends. In a real situation, however, as a 2D PhC has a 
finite height of pillars, guided light escapes out of a guiding plane. Fig. 8b shows the 
experimental results of a 2D PhC waveguide. The PhC was made by perforating a silicon 
slab with a lattice constant of 530 nm, a hole radius of 280 nm, and a silicon slab thickness of 
300 nm as seen in a SEM micrograph in the low-right inset of Fig. 9b. An in-plane 
14 
propagation is blocked by the periodic photonic structure and out-plane propagation is 
blocked limitedly by total internal reflection. In the experiment, they used a free-standing 
silicon PhC slab to enhance the total internal reflection by increasing a refractive index 
contrast at top and bottom boundaries. When they coupled a semiconductor laser 
(A = 1.5/zm), light is confined within the waveguide. However, we can also see significant 
reduction of the intensity of guided light at every sharp bend. This is the main reason why 3D 
PhCs are strongly demanded. 
Waveguides using PhCs exhibit a strong dispersion for guiding modes, while a 
conventional optical fiber's dispersion depends on intrinsic dispersion of guiding medium. 
To show the strong dispersion of a PhC waveguide, three identical waveguides are prepared 
and three electromagnetic wave packets of different frequencies are simultaneously generated 
with a Gaussian form in Fig. 9a. 
Figure 9. FDTD calculations for propagating wave-packets (a) with different frequencies 
and (b) in different waveguides. 
15 
The frequencies of the wave packets are all in the photonic-band-gap of the 2D PhC. In spite 
of a short travel length, the three different packets show considerably different group 
velocities depending on their frequencies. We also can see that the group velocity can be 
altered by changing a width of a waveguide in Fig. 9b. The wider waveguide shows faster 
group velocity because the packet travels in air and it will approach to the speed of light in 
air as the width of the waveguide is wider. If a PhC waveguide is fabricated with an opposite 
manner, the behavior observed in Fig. 10b will also appear oppositely since light travels in 
dielectric medium. The strong dispersion can slow a group velocity of light pulse less than 
one thousandth of the speed of light in vacuum as seen the experimental results in Fig. 10. 
Interference 
Fiber probe a) Optical delay line 
lOnm 
Figure 10. Experimental measurement of group velocity in a PhC waveguide, (a) schematic 
representation of the experiment ; (b) Top view of the PhC waveguide. The right panel shows 
measurement results [12]. 
As seen in the simulation and the experimental results, PhC waveguides are 
distinguished with conventional optical fibers and this is mainly due to the different physical 
origins of light confinement, coherent interference and total internal reflection. 
16 
Natural and artificial photonic crystals 
Since all periodic dielectric structures can partially be PhCs at a certain wavelengths, 
some periodic materials in nature show PhC behaviors as shown in Fig. 11. Biological 
structures having micron- or submicron-scale periodicity can reflect visible light selectively 
and this attracts researchers' interest steadily, in spite of their weak performance, because 
their PBG is in visible wavelengths and the structures can be acquired without fabrication 
processes. The colors from the structures are distinguished from those from pigments and 
often referred to as "physical color" [13]. And some researcher are trying to find structural 
origin [14, 15, 16, 17] and to use the naturally existing periodic structure as a template for 
better PhC structures [18]. 
Figure 11. Periodic structures in nature, (a) a polychaete worm and scanning electron 
micrographs (SEM) of its hairs; (b) iridescence in the butterfly Morpho rhetenor and 
transmission electron micrographs (TEM) of its wing; (c) iridescence of the tropical plant of 
the genus Selaginella and TEM section of its leaf (After [19]) (d) iridescence of gemstone 
opal and its SEM. 
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Although periodic structures exist in nature, however, it seems clear that artificial 
periodic structures are strongly demanded to realize PhCs in a controllable manner. All PhCs 
can be classified as their dimensionality of periodic variation of a dielectric constant. 
Schematic illustration to show the dimensionality with an example for each case is given in 
Fig. 12. Higher dimensional PhC can inhibit a propagation of electromagnetic waves more 
wider ranges of directions. This means only the structure having three-dimensionally periodic 
variation of refractive index can be a candidate to be a PhC which can block all directions of 
propagation of light. As seen in previous section, a 2D PhC only blocks in-plane 
propagations of light and this characteristics is now applied for PhC fibers which block all 
propagation along a radial direction and allow light transmit along its axial direction. 
(a) (b) (c) 
Figure 12. Classification of PhCs with their dimensionality, (a) illustration of a one-
dimensional PhC is shown with a SEM micrograph of a multilayer reflector; (b) illustration 
of a 2D PhC is shown with a SEM micrograph of a PhC fiber; (c) illustration of a 3D PhC 
with a SEM micrograph of a woodpile style silicon PhC. 
18 
It is trivial a PhC should have a three-dimensionally periodic structure to block all 
directions of propagation of light, however, what geometry and materials may show the 
desired behavior was unknown when the concept of a PhC or PEG material was proposed in 
1987 by Yablonovitch and John independently to achieve the inhibition of spontaneous 
emission [20] and the strong localization of light [21], respectively. The proposal attracted 
much attention since it can realize zero-threshold lasing and optical wave-guiding in small 
scale comparable to the wavelength of guided light. Theoretical proof of the existence of 
PGB was reported by Ho and his colleagues in 1990 [22] and they showed a 3D PhC can be 
realizable by making diamond-like lattice structure in a practically available range of 
refractive index. 
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CHAPTER 2 FABRICATION OF PHOTONIC CRYSTALS 
Brief history of fabrication of three-dimensional photonic crystals 
In this chapter, I will focus on three-dimensional (3D) photonic crystals (PhCs) 
because they show full photonic-band-gap (PBG) in which all directions of propagation of 
electromagnetic waves are prohibited. The earliest man-made PhC was fabricated by 
mechanical drilling of polycrystalline alumina with 12.7 mm of a lattice constant [1]. And its 
PBG was centered at 15 GHz, however, it was not a full photonic-band-gap mainly due to the 
face-centered-cubic (FCC) symmetry of the PhC. After Ho et al. proved the diamond-like 
symmetry can posses a full PBG [2], a diamond-like structure having a full PBG rather than a 
pseudogap was made by Yablonovitch and his colleagues using drilling of high refractive 
material (« = 3.6 at microwave) [3]. The fabricated structure in Fig. 1, often called 
"Yablonovite", is the first 3D PhC showing a full photonic-band-gap, however, drilling each 
hole with required accuracy was a challenging task even for a millimeter-scale structure. 
Figure 1. (a) The method of constructing an FCC lattice by drilling holes [3] and (b) a 
photograph of the structure are shown [4], 
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In 1994, a layer-by-layer structure, often called "woodpile structure", was introduced 
by Ho et al [5]. The woodpile structure can open a full PBG even for low refractive index 
contrast around 1.9 and it can be easily fabricated using conventional microfabrication 
techniques on the scale of optical wavelengths. This structure was fabricated first by stacking 
16 layers of alumina rods as shown in Fig. 2 and its band gap ranged from 11.7 to 13.5 GHz 
[6]. Many advantages such as the simplicity of geometry, a robust main photonic-band-gap 
against possible errors in fabrication, and the mechanical stability of the structure, make the 
woodpile structure most popular among a number of proposed structures. 
Figure 2. Photograph of the layer-by-layer structure. The crystal built by stacking 16 layers 
of alumina rods (13 or 14 alumina rods on each layer) corresponding to four cells in the 
stacking direction [6]. 
However, a weak point of this structure would be the alignment of each layer since 
the rods in third layer should be shifted a half lattice against those of the layer having the 
same orientation of rods. This is not only the problem of this structure but most other 3D 
structures. After experimental proof of full PBG in microwave regime, interest of researchers 
shifted to the optical regime. Fabricating a PhC working in optical regime is a real challenge 
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because the modulating scale of refractive index should be in a similar scale to the 
wavelength of light to be blocked. The PhC for visible wavelengths was realized by imitating 
natural photonic structure, opal. As we seen in Chap. 1, opal is a gem stone consisting of 
submicron-size silica spheres which formed FCC structure by self assembly. The self 
assembled structure was first made by using the emulsion droplets as templates around which 
materials is deposited through a sol-gel process [7], and silica or polystyrene micro-beads 
have been popular as a template instead of emulsion droplets because of their uniformity in 
shape and size. Although the self-assembled template, often called "synthetic opal", dose not 
show a complete PBG, its inverse structure in Fig. 3 can open the complete PBG if refractive 
index of a material is sufficient high (>2.85) [8] .The inverse opal structure have been so 
popular due to the ease of fabrication and their PBG in visible or in near-infrared. [9, 
10,11,12,13] 
up nqp -m* 
11 1 II III 
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Figure 3. SEM images of planar silicon inverse-opal structure [13]. 
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The formation of an opal-like template would be possible by solvent flow causing the 
viscous drag of micro-beads in solvent, [14] however this dynamic self-assembly make it 
difficult to synthesize other structures besides the close-packed FCC structure. To achieve 
controllable defects within the self-assembled structures, additional techniques have been 
combined with the self-assembly such as direct laser writing [15], electron-beam lithography 
[16], nano-imprinting [17], pulsed laser etching [18], and conventional photolithography [19]. 
Unfortunately the complete PBG of the inverse-opal structure was revealed to be extremely 
fragile against fabrication errors because the PBG exists at high-frequency bands (eight to 
nine bands) [20]. So practically it is extremely difficult to show complete PGB in the inverse-
opal structure. In spite of the inherent limitation, the inverse-opal structures are still attractive 
since they can modify the photonic density of states in visible regime. 
Holographic lithography using two-beam interference has been widely used for 
generating optical gratings; three beams produce a two-dimensional pattern. And by 
introducing a fourth beam, a 3D periodic lattice can be formed. The four-beam setup applied 
to a photo-crosslinkable polymer, such as a photoresist, can lead to a 3D network after 
developing it. This technique has been used intensively [21,22,23] since it was introduced by 
Campbell et al [24] because structural parameters, such as a lattice constant, filling ratio, can 
be adjustable and various kinds of structures including diamond-like one [23], are possible. 
Moreover, the holographic technique is easier to make large-area PhCs with uniformity as 
seen in Fig. 4. 
24 
Figure 4. SEM pictures of different structures obtained by the holographic technique [24]. 
The holographic lithography is able to generate only periodic structures while functional 
defect-structures are generally non-periodic. Additional techniques are combined to introduce 
non-periodic structures to holographically generated periodic structures [25,26,27]. 
From now we will confine ourselves to the fabrication methods for woodpile-like 
PhCs since the PhCs are studied most intensively with tailorable fabrication methods. The 
first woodpile PhC for optical regime was fabricated (see Fig. 5) by Lin et al. with 
conventional microelectronics fabrication [28]. The superb structure and appropriate high-
refractive-index material (silicon) for target PBG enabled the experimentalists to show a 
clear dip in optical transmittance representing its PBG at a large range of wavelengths from 
10 to 14.5|im. For fabrication, poly-crystalline silicon is deposited by chemical-vapor-
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deposition on a silicon wafer and patterned by photolithography. The stripes of silicon are 
buried with silica and the deposited silica layer is polished by chemical-mechanical-polishing 
until the top of the buried silicon stripes are exposed. The same procedure is applied to 
generate next layer with proper alignment. At the last step of fabrication the silica template is 
removed by chemical etching. 
Figure 5. SEM micrographs of the woodpile PhC with silicon [28]. 
The outstanding results in fabrication and performance attracted much attention and 
stimulated researchers to develop tailorable fabrication techniques for PhCs having a smaller 
lattice constant. However, multiple steps for each layer requiring high cost and high accuracy 
in fabrication would be major concerns in this approach. 
Woodpile PhC s for communication band around 1.5 |im wavelength were also 
fabricated (see Fig. 6) by an advanced wafer-fusion technique [29]. In fabrication, single 
crystalline III-V semiconductor (GaAs or InP) stripes on a pair of wafers are aligned and 
bonded at high temperature (700 °C). After bonding one of the wafers are removed by 
chemical- and dry-etching. 
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Figure 6. Woodpile-structure 3D PhC by the advanced wafer-fusion technique. [29] 
The wafer-fusion technique can eliminate several steps in conventional microelectronics 
fabrication method such like silica template forming and chemical-mechanical-polishing. For 
the wafer-fusion, alignment relays on the diffraction pattern of a transmitted laser beam [30, 
31] and this approach would be difficult as the number of layers increases. 
Micro-assembly technique [32] uses a well-developed fabrication method for micro-
electro-mechanical system (MEMS). Each layer of the desired 3D structures is made in free­
standing form by anisotropic chemical etching and assembled by micro-manipulation in a 
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SEM chamber (see Fig. 7). Side holes around each planar structure are used to facilitate the 
alignment of the planar structures by inserting polystyrene micro-spheres in them. However, 
the free-standing thin slabs are difficult to manipulate when their area is wider because of 
deformation due to softness of base material, indium phosphate. Isolated structures are also 
hard to fabricate in this approach. 
Figure 7. SEM images of micromanipulation [32]. 
Direct laser writing (DLW) [33] using two-photon polymerization is one of the 
promising approaches to realize almost any shape of 3D microstructures with high resolution, 
which exceeds the diffraction limit by virtue of non-linear effect of the two-photon 
polymerization process [34]. A layer of photo-sensitive material is exposed by a tightly 
focused laser beam, whose photon energy is a half of the energy for crosslinking of the 
material. When the intensity of the laser beam is very high, photo-sensitive molecules absorb 
multi-photons and the crosslink of the material happens within a volume (<X3). 
b 
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Figure 8. 3D PhCs fabricated by DLW [35] 
The polymer structure in Fig. 8 is a 12-layer woodpile structure for a communication band at 
1.5 |im [35]. Virtually DLW can generate periodic polymer structures with non-periodic 
defect structures like a point defect and linear defect for a resonance cavity or a waveguide. 
However, the fabricated polymer templates should be infiltrated with high refractive index 
materials to make PhCs having complete PBG. The DLW can realize subdiffraction-limit 
fabrication in lateral resolution but not in longitudinal resolution because of its elongated 
voxel as seen in Fig. 9 [36]. Volume contraction in polymerization and non-uniform dose in a 
thick polymer layer are still technical challenges. 
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Figure 9. (a) Top- and side-view SEM images of a voxel by the two-photon polymerization; 
(b) exposure time dependent voxel size [36]. 
Soft lithography for non-optical microfabrication 
Most techniques in the previous section are involved with optical means besides 
conventional self-assembly and the self-assembly also needs optical means if functional 
defects are demanded. Here I will introduce a unique microfabrication technique, in which 
optical means are not used, called soft lithography. A number of techniques in the class of 
soft lithography use an elastomer to define 2D or 3D micro-patterns. As an elastomer, silicon 
rubber, mostly poly(dimethylsiloxane) (PDMS), is used. 
The first soft lithographic technique was stamping, called micro-contact printing 
(|J.CP) later [37]. A photoresist relief pattern was used as a master pattern and uncrosslinked 
PDMS was poured on the master pattern and then cured. Since PDMS has very low surface 
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energy [38] and great flexibility, the crosslinked PDMS can be peeled off easily from its 
master. Although conventional photolithographic technique is used once for generation of a 
master pattern, no photolithography is used in the actual procedure. (iCP has been intensively 
used for self-assembled monolayer (SAM) for bio applications [39,40,41,42,43], as seen in 
Fig. 10, because conventional lithography is not suitable for micro-patterning of organic or 
bio materials, which is demanded for emerging biosensors. 
Figure 10. Fluorescence images of micro-contact printed proteins onto a substrate. [41] 
gCP exhibits the highest resolutions in soft lithographic techniques [44]; however, the 
technique is only appropriate for 2D patterns. Micromolding in capillaries (MIMIC) [45] is 
the soft lithographic technique, which has the capability of fabrication for 3D microstructures. 
In MIMIC, a PDMS mold is cast against a master pattern and placed on a substrate to form 
micro-channels. A drop of fluid containing materials to be patterned is applied at opening of 
the channels and fills the channels by capillary action. The filled materials can be solidified 
by solvent evaporation or cross-linking. Finally 3D patterned structure is achieved after 
peeling the PDMS mold off. The micro-patterned structures in Fig. 11 are made by using 
single-component photo-curable prepolymers and they reproduce their mold pattern very 
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well because the prepolymers do not contain solvents, which inevitably cause a volume 
contraction after evaporation of the solvents. 
Figure 11. Schematic of the procedure of MMIC and SEM micrographs of patterned 
polymeric structures formed using MMIC. [46] 
Since MIMIC relies on capillary action, a proper chemical treatment of the surface of the 
micro-channels may be necessary to induce wetting through fluidic channels [46]. Physical 
means to introduce fluid into the channels such like applying pressure or vacuum may not be 
effective when the channels' dimensions are small, order of one micrometer. However, the 
enhancement of wetting by local heating of fluid using focused laser can help the wetting of 
surface even for hydrophobic surface of PDMS channels [47]. 
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The microtransfer molding (|iTM) technique can used to generate 3D microstructures 
[48]. As depicted in Fig. 12, a drop of prepolymer is applied on a patterned PDMS mold and 
excess prepolymer is removed by scraping with a PDMS block or nitrogen blowing. The 
filled mold was placed in contact with a substrate. After the prepolymer is fully cured, the 
mold is peeled off. 
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Figure 12. A schematic diagram of |iTM for (a) one-layer microstructure, and (b) three-layer 
microstructure [48]. 
Although |iTM has a number of advantages: fast processing, fabrication capability for 
isolated structures, non-planar fabrication capability, and wide ranges of materials selectivity, 
it has some practical limitations. A fabricated structure on a flat surface may have a thin 
(<0.1 mm) film between polymeric features due to an overfilling and capillary wicking of 
liquid prepolymer. As the feature size gets smaller, the unnecessary polymer layer becomes a 
serious problem deteriorating structural fidelity. If we can get rid of the deficiencies of |j,TM, 
it is an affordable approach for making templates for the woodpile PhC. An improved 
scheme over conventional (iTM will be presented in Chapter 4 in detail. 
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CHAPTER 3 OPTICAL MEASUREMENTS FOR PHOTONIC 
CRYSTALS 
Spectrometer 
Optical spectroscopy is a fundamental method to study interaction of light with matter, 
which usually appears as reflectance, transmittance, and absoptance depending on the energy, 
polarization and propagation direction of light. Spectroscopic techniques can be classified 
into; (1) Dispersive and (2) Fourier-transform methods. The former employs one or more 
dispersive optical elements such as prisms or diffraction gratings to have the information as a 
function of wavelengths. The grating is much more popular because of its high resolution, 
low loss and small size. Fig. 1 shows an illustration of a portable grating spectrometer. 
Figure 1. Schematic illustration of a grating spectrometer. (1) optical fiber connector; (2) 
incident slit; (3) filter; (4) collimating mirror; (5) grating; (6) focusing mirror; (7) detector 
collection lens; (8) charge-coupled-device (CCD) detector; (9) order-sorting filter [1]. 
38 
The heart of the spectrometer is a diffraction grating, which has a number of parallel 
transmission slits or reflectors. The transmitted or reflected light undergoes diffraction and 
the diffracted beams make the following intensity distribution function [2] by interference 
between them: 
I = Io 
sin /? 
~T 
^ ^ sinivy^ 
N sin 7y 
(3-1) 
, where fi = kbl2, y = khs in0 /2 ,  N is a number of slits per unit length, & is a wave 
number of light, b and h are width and separation of the slits or reflectors. Generally the 
resolving power of a grating is linearly proportional to the number of the slits or ruled lines 
of the grating; however, practically it is also affected by the width of the incident slit and by 
the pixel density and quantum efficiency of the detector. An incident beam having multiple 
wavelengths is systematically scattered at a grating surface, and the scattered beams arrive at 
different positions of a linear array detector depending on their wavelengths. Therefore, the 
energy falling on a point of the detector drops significantly below that of the incident total 
energy. However, because of highly efficient detectors for light from ultra-violet to near 
infrared (near IR), dispersive spectrometers are widely used in spectroscopy for those 
wavelengths. 
Fourier-transform spectroscopy (FTS) uses a Michelson interferometer and a 
computation routine to deduce wavelength information from inteferograms. 
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Figure 2. Arrangement for Fourier transform spectroscopy. 
The beam from a source is splitted into two paths having different lengths and merged 
together to feed to a detector. By scanning a movable mirror over some distance, 
continuously varying intensity of the light is observed by the detector. The mirror position-
dependent interferogram is transformed to its conjugated space, a wavenumber space by 
following equation: 
G ( k )  =  J— I (x)exp[-ikx]dx (3-2) 
In practice, the mirror does not need to move an infinite distance but a few centimeters are 
sufficient to achieve enough resolution. Although Michelson was fully aware of the 
spectroscopic potential of his apparatus when he performed an experiment for detecting Ether, 
the lack of efficient Fourier transform algorithms and instrumental accuracy for the moving 
mirror delayed the practical FTS until the late 20th century. Today, commercial FTS are 
widely used for its distinguished characteristics: high optical throughput, fast data acquisition, 
and high signal-to-noise ratio. Unlike the previous dispersive spectrometers, almost half of 
the incident energy is received by the detector. This is an enormous advantage especially for 
the IR regime since detectors for IR have very low efficiency and IR sources are also very 
weak. 
Fourier-transform infrared spectrometer 
An optical arrangement of an actual FT-IR spectrometer (Nicolet Magna 760) is 
shown in Fig. 3 with its photograph. The FT-IR spectrometer has two light sources, a 
tungsten lamp for near IR and a silicon carbide lamp for mid-IR and far-IR. The light from 
the source (1) is collimated by a spherical mirror (2) and passes through an aperture (3). The 
smaller size of the aperture increases the resolution of an interferogram by making better 
plane wave after reflecting at a 90-degree off-axis mirror (4). The plane wave is divided by a 
beamsplitter (5) and the separated two beams are reflected by a fixed mirror (6) and a moving 
mirror (7). The recombined beam is fed into a sample compartment (9) after collimation by a 
mirror (8), and then arrives to one of the two detectors (10). A Helium-Neon laser (11) is 
used for metrology. Since the position of the moving mirror should be measured with high 
accuracy, a beam from the laser is also fed into the interferometer and makes its own 
interferogram, and by counting the intensity of the laser interferogram, an accurate 
measurement of the moving mirror is achieved. 
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Figure 3. Actual arrangement of a FT-IR spectrometer (Magna 760, Nicolet) and its real 
image. (1) Light source; (2) Spherical mirror; (3) Aperture; (4) 90°-off axis mirror (5) 
Beamsplitter; (6) Fixed mirror; (7) Moving mirror housing; (8) 90°-off axis mirror; (9) 
Sample compartment; (10) Detector; (11) He-Ne laser; (12) Translation mirrors to export a 
beam outside; (13) Powersuply. 
Although the aperture (3) in Fig. 3 is generally adjusted to achieve a desired 
resolution of the spectrometer, the size of a beam diameter at the sample compartment is also 
affected by the aperture size. By the FT-IR operating software, the aperture size can be 
adjusted by manually or automatically. Larger number of setting means larger aperture size. 
The beam profiles at the sample compartment corresponding to the setting number of the 
aperture are shown in Fig. 4. A larger number than 90 does not make a change. The shallow 
dip at the center of each profile is due to a shadow of a small photo-detector for a He-Ne 
laser at the center of the interferometer. Usually a photonic crystal sample is not that large, so 
proper alignment of the sample is necessary when the aperture size is small. 
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Figure 4. Beam profiles of Magna 760 at different sizes of the aperture. The profile is 
acquired by the differentiation of a signal count as moving a sharp horizontally. 
Since the modulated beam is focused by a parabolic mirror with a long focal length of 
5 inches, the beam diameter cannot be reduced sufficiently; however, the long focal length 
gives benefit of a long working distance. The long working distance means that the position 
of a sample is not very critical. In most measurements, FT-IR measurements require two data, 
a reference data and sample data. Generally the difference in the positions of the reference 
and the sample makes an error, so the insensitivity in positioning contributes to reducing the 
measurement error. 
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FT-IR microscopic spectrometer 
Usually most FT-IR spectrometers are designed for bulk materials, so an additional 
optical system, a microscope, is required to increase spatial resolution. As an example, a 
diagram of the optical paths of Hyperion 1000, which was used for the microscopic IR 
measurements for free-standing metallic structure in Chapter 6, is shown in Fig. 5. Since the 
microscope has only microscopic optical elements and detectors, a modulated beam should 
be fed from a conventional FT-IR spectrometer. The beam from the FT-IR main bench 
follows different paths depending on the kinds of measurements. Unlike conventional optical 
microscopes, most IR microscopes use a large-diameter Schwarzschild-style objective, which 
consists of a concave primary mirror and convex secondary mirror. Since the objective has 
no refractive elements, it shows high optical throughput in IR ranges, where all materials 
have some absorption and reflection losses. A high numerical aperture (N.A. 0.5) and a 
relatively long working distance (2 inches) are secured due to the large diameter of the 
primary mirror (2 inches). However, the microscope is very sensitive to the position of the 
sample; it requires careful consideration to place a sample and a reference at the same 
position. For the reflection measurements, the vertical positions of both sample and reference 
can be set by finding the position producing a maximum interferogram signal. For the 
transmission measurements, arrangement is a little bit difficult. First, place a pinhole plate on 
a sample stage and move the pinhole plate to observe the refection from the outside of the 
pinhole. Then, in the reflection mode, maximize the interferogram signal by adjusting 
vertical position of the pinhole plate. Second, adjust the lateral position of the pinhole plate 
to minimize the interferogram signal by placing the pinhole right under the objective. Third, 
after turning to the transmission mode, adjust the vertical and lateral position of the bottom 
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condenser mirror (# 19) to maximize the interferogram signal. By doing this, we can match 
the focal points of the two optical elements, the objective mirror (#6) and the condenser 
mirror (#19). 
22 
14a 
14b 
13b 
23 
20 
HYPERION 1000 und 2000 • Optical Path showing both Reflectance and Transmlttance Path 
Figure 5. Diagram of the optical paths of Hyperion 1000 
After the initial arrangement of the microscope, some practical errors may still appear in 
measurements, for example, a thick sample usually makes a shift of the focal point of the 
objective and the condenser significantly and this introduces a spectral shift. 
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Angle-resolving FT-IR spectroscopy 
In most optical measurements, the following relation is satisfied due to energy 
conservation. 
R + T + A = 1 (3-3) 
, where R , T , and A are the reflectance, transmittance, and absorptance, respectively. 
However, since a photonic crystal is a microscopically periodic structure, the diffraction for 
shorter wavelength than the periodicity of the structure and the scattering from structural 
imperfection should be considered in measurements. Practically, an optical measurement 
system only responds to the optical signal falling in a finite acceptance angle, and the rest is 
counted as optical loss. As a result, the sum of reflectance and transmittance is considerably 
smaller than unity when diffraction appears at shorter wavelengths, although PhC does not 
have sizeable absorption. For instance, the reflection and transmission data of gold-coated 
metallic photonic crystals (MPC), presented in Chapter 6, also show this deficiency in the 
sum. 
To quantify the scattering including diffraction in the measurements of PhCs, I 
developed an angle-resolving FT-IR spectrometer as shown in Fig. 6. A large-size 
goniometer (#8), which was a part of a X-ray diffraction system, was used. The detector 
assembly (#5 and #6) can scan the optical signal on a horizontal plane. A beam from a He-Ne 
laser (#7) is aligned to be parallel to the modulated IR beam from the FT-IR main bench (#1). 
The IR beam is 90-degree deflected and focused by a gold-coated parabolic mirror (#3) for 
the sample holder (#4) at the center of the goniometer. By changing the size of an aperture 
(#2) and the length of the detector arm, angular resolution can be adjusted. 
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Figure 6. Optical setup for the angle-resolving FT-IR spectroscopy. (1) FT-IR main bench; 
(2) Aperture to adjust the angular resolution; (3) 90° off-axis parabolic mirror (f = 2inches); 
(4) Sample stage; (5) Collimation mirror; (6) Detector; (7) He-Ne laser for sample 
positioning; (8) Goniometer. 
Transmission data of a four-layer free-standing metallic photonic crystal is shown in 
Fig. 7 on a logarithm scale. The angular and spatial resolutions of the system were 
approximately 10° and 2 mm. When using a conventional FT-IR spectrometer, we can detect 
up to 15°, however, the scanned result is telling us that considerable amount of transmitted 
light emerges out of that acceptance angle. The dashed curves in the graph represent the 
equation of diffraction: 
kasin& = Inn (3-4) 
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, where k, a, and n are the wave number, a periodicity of a grating, and the order of 
diffraction. The good agreement of the dashed curves with the measurements clearly tell us 
the MPC behaves just like a grating for light having shorter wavelengths than the periodicity 
of the metallic structures. Without additional measurements, we can infer the diffraction 
signal may appear out of the horizontal plane from the nature of diffraction. 
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Figure 7. Angle-dependent transmission of a 4-layer metallic photonic crystal. 
Diffraction was also observed in dielectric free-standing photonic crystals as shown 
in Fig. 8. The first and second order diffraction curves, from Eq. (3-4), are depicted as dashed 
and dotted lines. In the case of MPC, the photonic band edge nearly coincides with the 
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diffraction limit at 2.5 |im, so no significant signal is detected longer than the diffraction 
limit, in contrast, dielectric PhCs do not show such complete blocking of a propagation of 
light. As a result, we can see a strong signal for wavelengths longer than the diffraction limit 
in surface-normal transmission. It is clear that diffraction is also significant in dielectric PhCs. 
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Figure 8. Angle-dependent transmission of a 4-layer dielectric photonic crystal. 
We observed both metallic and dielectric PhCs cause considerable diffraction when 
propagating light has a shorter wavelength than the periodicity of the structure in a layer. We 
can say that transmission or reflection data always show smaller values than their actual 
values when the wavelength of light is shorter than the diffraction limit. 
FT-IR radiometry 
The application of a FT-IR spectrometer can be extended to radiometry, where the 
spectral radiation power itself is a target, rather than the relative change of the radiation 
power in the conventional measurements for reflectance, transmittance, or absorbance. For 
radiometry, we need a reference light source whose spectral radiation power is known. Then, 
with the reference source, we can calibrate our FT-IR radiometer. Since the radiation power 
from a blackbody, which has an absorptance of unity through all wavelengths, is universal, a 
blackbody light source is often used for calibration. The blackbody's radiation power per unit 
area per unit wavelength per unit solid angle is given by the following equation: 
BAT)  =  exp 
f  he  ^  
V A-KGT J 
-1 [W • m"2 • m"1 • sr 1 ] (3-5) 
, where h ,  c ,  and k B  are the Plank constant, a speed of light in vacuum, and Boltzmann 
constant, respectively. From the equation, the spectral radiation power of a blackbody is 
defined if the temperature T, is specified. The simplest way to realize a blackbody is making 
a spherical cavity with any material and then make a hole whose area is significantly smaller 
than that of the internal surface area of the cavity. By doing so, we can observe the internal 
radiation without much perturbation of thermal equilibrium. Although the radiation power is 
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independent of the material of the cavity, practically I selected copper for even temperature 
distribution. The ratio between the internal surface area of the cavity and the cross-section 
area of the through-hole was 1 to 100 to secure an absorptance higher than 0.99. The home-
built blackbody source is shown with a commercial one in Fig. 9 for comparison. The source 
is covered by an aluminum foil to reduce radiative loss. 
Figure 9. A home-built blackbody source on a hot plate (left) and a commercially available 
blackbody source [3], 
Without comparison of the radiation spectrum from the home-built blackbody source with a 
standard blackbody source, I assumed the radiation spectrum is that of the blackbody due to 
the universality of the radiation. 
If we assume the linearity of the spectral response of the FT-IR spectrometer, the raw 
signal count may be expressed as following [4]: 
51 
C(T, A) = R(A) [B(T, A) + L0 (T0,A)] (3-6) 
, where C, R, Zy, and B are the raw signal count, response function of the system, a 
background radiation from a surrounding of temperature, T0, and the radiation power from 
the blackbody at a certain temperature, T. By assuming the background radiation, L^(T0,A), 
is independent of the blackbody's temperature, we can find R{A) and LQ(T0,A) from the 
measurements of the blackbody radiation at two different temperatures. The response 
function, R(A), and the background radiation, L^IT^A) are given by: 
aTvx)-c(T rX) 
B(T„A)-B(T2,,I) 
L,(T0,A) = £^-B( T„A.) (3-8) 
, where TX and T2 are the two different temperatures of the blackbody source. From the Eqs. 
(3-7) and (3-8), the radiation power from a blackbody of an arbitrary temperature is given by: 
B(.T,X) = ^ f^-L,(T„M (3-9) 
K y A )  
In the system calibration using the blackbody source, a part of the radiation from surrounding 
should not be counted. As shown in Fig. 10, there is radiation power from the surrounding 
directed towards the blackbody, however, the radiation power is not affected in the previous 
calibration since all of it is completely absorbed by the blackbody. After the previous 
calibration, if we replace the blackbody with a normal object, whose absorptance is not unity, 
a portion of the radiation power will be reflected back to the FT-IR system. And this 
additional power spectrum will appear together with the radiation from our sample. In 
addition, we often need to use a chamber to observe a high temperature object under inert 
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environment. This means we also consider possible effects from an optical window of the 
chamber. 
Black  
body  
Figure 10. Diagram of the calibration using a blackbody. 
In an actual radiation measurement, a schematic diagram to show the effects of an 
optical window and non-unity absorptance is presented in Fig. 11. If we choose a proper 
optical window, the optical effects from the window would be minimized. Potassium 
Bromide (KBr) has advantages to serve as an IR window material, such as low and almost 
constant refractive index ( n = 1.53 ), a negligible absorption from UV to mid-IR [5] in spite 
of its hygroscopic nature. Because reflectance, transmittance, and absorptance of a KBr 
window are approximately 0.92, 0.06, and 0.02 in near- and mid-IR, we can estimate the 
effect of the KBr window and reflection of a sample as shown in Fig. 11. 
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Figure 11. Schematic diagram of the calibration for a conventional object. 
From the diagram, we can neglect the reflected portion of thermal radiation from a sample, 
TwR(Tl)RwL(Tl), and the reflected portion of thermal radiation from surrounding, RWL^{T0), 
where Rw and Tw are the reflectance and transmittance of the KBr window, and is a 
reflectance of the sample at a temperature, Tx. Under this consideration, the measured 
emission spectrum, Z/(7], A), would be expressed as following: 
,  a ) j , )  ^  
= TWL(TT,A)+T*[\-A(T I,Z)\L0(TS,A) 
In Eq. (3-10), we assumed the following relation: 
R(Tl,A) = l-T(Ti,Â)-A(Tl,Â)-S = l-A(Ti,Â) (3-11) 
, where S is the scattering including diffraction. The approximation, Eq. (3-10), holds only if 
transmission and scattering are zero or sufficiently small. For metallic photonic structures in 
Chapter 7, the scattering S will be sizable for wavelengths below 3.5 jum as seen in the 
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previous section. However, the equation would still be extendable below 3.5 jum, as long as 
the surrounding temperature, TS is kept around room temperature, since the radiation from 
surrounding, L^{TS,A), is very small below 3.5 //m at room temperature. 
By applying Kirchhoff s law, A(JVA) = £(T{,A), Eq. (3-10) becomes 
L\T { ,  A) = TW£(T :  ,  A)Lbb  (7, ,A) + T*[l -£(T I,A) \L0  (TS ,  A) 
(3 12) 
=£(TVA)[TWLBB(T1,A)-TX(TS^)]+TX(TS,A) 
, where £{TX, A) and LM (TT, A) are the emissivities of the sample and the blackbody radiation 
power at a temperature. By Eq. (3-12), we can find the spectral emissivity f(7j,A) since 
the radiation from surrounding is determined by the calibration using a blackbody. 
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CHAPTER 4. TWO-POLYMER MICROTRANSFER MOLDING FOR 
HIGHLY LAYERED MICROSTRUCTURES 
A Paper published in the Advanced Materials1 
Jae-Hwang Lee, Chang-Hwan Kim, Kai-Ming Ho, and Kristen Constant 
Abstract 
We have developed an advanced microtransfer molding technique, called two-polymer 
microtransfer molding (2P-|xTM) that shows an extremely high yield in layer-by-layer 
microfabrication to be sufficient to produce highly layered microstructures. The use of two 
different photo-curable prepolymers, a filler and an adhesive, allows for fabrication of 
layered microstructures without thin films between layers. The difference in surface energies 
between the polymers allows filling and selective coating of the two prepolymers with self-
healing properties. The capabilities of 2P-pTM are demonstrated by the fabrication of a 
wide-area 12-layer microstructure with high structural fidelity. 
Introduction 
Microfabrication techniques for a highly layered microstructure have attracted much 
attention since highly layered micro structures permit fabrication of three-dimensional (3D) 
devices with functionality not possible in planar devices. With the growing demands of 
highly layered micro structures for a number of applications, including artificial bones [1,2], 
1 Reprinted with permission of the Advanced Materials, 2005, 17(20), 2481. 
integrated microfluidic system [3-5], polymer-based integrated optical circuits[6,7], photonic 
crystals [8,9], and catalytic reactors[10,ll], reliable low-cost microfabrication methods are 
desirable. Traditional fabrication methods using photolithography are usually slow and costly. 
Over the last few years, a number of new approaches for fabricating 3D micro structures have 
been reported as alternatives to conventional photolithography such as micro-transfer 
molding (^TM)[12], two-photon polymerization [13,14], holographic lithography [15,16] 
and nanoimprinting [17]. Among the attempts, [iTM showed a number of advantages; low 
cost, capability for non-periodic 3D structures, a wide range of materials compatibility, and 
flexibility in design. In conventional [xTM, a liquid prepolymer fills microchannels formed 
on the surface of an elastomeric mold and is solidified, after contacting a substrate. Then, the 
structure is transferred to the substrate by removing the flexible mold. In spite of many 
advantages of piTM, uncured filled prepolymer can smear out of the channels by capillary 
wicking when contacting a substrate. This wicking deteriorates structural fidelity and 
requires an additional processing step to remove the uncontrolled polymer such as reactive 
ion etching [12]. Partial curing of filled prepolymer was effective to avoid the capillary 
wicking since the partial curing increases the viscosity of the prepolymer [12,18]; however, 
uncured prepolymer is still favored to ensure sufficient bonding strength. Maximizing 
bonding strength, while minimizing the capillary wicking, is one of the most demanding 
technical challenges of this system. 
Results and discussion 
We describe an advanced (iTM for highly layered micro structures, called two-
polymer [iTM (2P-[iTM), with a residue-free filling method, sufficient bonding strength 
between layers for high yield and extremely low capillary wicking for high structural fidelity. 
In 2P-[aTM, we employ two different ultraviolet (UV) curable prepolymers as a filler and an 
adhesive, to avoid the difficulties of conventional ^TM in which a single prepolymer 
performs both roles simultaneously. A schematic procedure of 2P-[aTM is shown in Fig. 1. 
We use poly(dimethylsiloxane) (PDMS) molds cast from a master made out of a photoresist 
relief pattern on a silicon wafer [19]. A drop of the first prepolymer-A is placed just outside 
of a patterned area on a PDMS mold and dragged at a constant speed with a metal blade, 
controlled by mechanical actuators. After dragging through the patterned area, the 
prepolymer-A fills only in the channels without any residue. We will call this filling method 
as wet-and-drag (WAD). The filled prepolymer-A is partially cured to solidify and the other 
prepolymer-B is subsequently coated only on the prepolymer-A by a second WAD. By 
placing a substrate on the mold and exposing to UV, the filled microstructure adheres to the 
substrate, and the structure remains on the substrate after peeling the PDMS mold away. 
Repeating the same sequential processes using a pre-stacked structure as a substrate, 
structures of any number of layers can be fabricated. 
For the prepolymer-A, we tested a number of UV-curable prepolymers and found 
their viscosity affects the filling characteristics in WAD. For our patterned channels 1.4 nm 
wide and 1.1 p. m deep, a polyurethane prepolymer (PU), J-91 (Summers Optical), with a 
viscosity of around 300 cps, exhibits excellent filling characteristics. Lower or higher 
viscosity prepolymers caused uneven filling due to the rearrangement of the filled 
prepolymer within channels after WAD or a thick layer over the channels, respectively. As a 
drop of PU moves from a non-patterned area into a patterned area as shown in Fig. 2a, empty 
channels (Fig. 2b) start to fill at a front boundary of the PU drop and all channels underneath 
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of the drop of PU are completely filled. When continuing the dragging of PU, dewetting of 
PU on the top surface of the mold starts at the rear boundary of the PU drop. However, 
channels are left filled behind the dewetting line in Fig. 2c because the adhesive energy of 
PU to the patterned PDMS surface exceeds the cohesive energy of PU. Fig. 1 d shows that PU 
completely fills the channels with a flat meniscus in Fig. Id. 
Note that WAD is distinct from other coating methods using blades such as doctor 
blading in which the thickness of a film is related to the gap between a blade and a substrate. 
Because the role of the blade in WAD is only to control the macro movement of the 
prepolymer, filling properties are determined by the properties of the polymers and the shape 
of patterns formed on a mold, and not by the gap or the speed of the blade. The gap used was 
around 0.2 mm for better control of the movement of PU, and this value is about 200 times 
larger than the depth of channels being filled. This spontaneous characteristic allows WAD 
to produce residue-free filling and to avoid any physical damage or distortion of the PDMS 
mold by direct contact of the blade. When high pressure nitrogen was used to remove excess 
prepolymers, we often observed tiny scattered droplets of prepolymers after blowing, which 
were very difficult to remove even using higher velocity nitrogen. In contrast, residual 
prepolymer was not observed in the case of WAD. This may be because of the relatively low 
wettability of PU to a nonpatterned surface of PDMS (contact angle of around 72°). Although 
the range of applicable prepolymers is limited by the requirement of spontaneous filling, 
WAD can be complementary or alternative to other filling methods like scraping with a 
PDMS block, blowing off excess with inert gas, or conventional doctor blading. A dragging 
speed of around 30 [im/sec is selected because faster or slower speeds cause a separation of 
prepolymer from the blade or more swelling of PDMS by PU, respectively. A single WAD of 
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PU is sufficient to achieve residue-free, even filling through the entire 4 mm-square area. 
This filling method is expected to be scalable to smaller dimensions. 
For the polymer-B, a polymetacrylate prepolymer (PA), SK-9 (Summers Optical), is 
used because PA satisfies several requirements as a bonding material: very low viscosity (80 
~ 100 cps) to form a thin layer; sufficient bonding strength to PU and glass; and a large 
surface energy difference between PDMS and PU. The contact angles of PA to the PU and 
PDMS are 8° and 54°. This difference provides the driving force for selective wetting. The 
second WAD with PA is performed on the PU-filled PDMS mold after solidifying PU by UV 
exposure. In WAD of PA, the gap of the blade is fixed at the same value, 0.2 mm, but the 
dragging speed is increased to 100 ^im/sec to minimize the swelling of PDMS by PA. The 
faster dragging speed is possible by virtue of the low viscosity of PA. Interestingly, a self-
healing characteristic of WAD for PA was observed. The self-healing is achieved as more 
PA adheres around local defects on the PU surface. With the increased quantity of PA, the 
bonding strength around defects is significantly reinforced, preventing possible adhesion 
failure of the structures being transferred. The self-healing is indispensable to reduce failures 
because it confines defect sites locally. Otherwise, in some cases the detached structures 
generate global defects in the transferring of the next layer by hindering a contact. 
Controlling the quantity of PA in the WAD process is critical for high yield. 
Insufficient or excess PA causes poor adhesion or an undesirable layer between the 
transferred structure and the substrate. Since each single layer in a fabricated multilayer 
structure consists of 1,600 of polymer rods, we simply define a transfer-error rate as dividing 
the number of transfer-failed rods by the total number of rods to be transferred. Here, we set 
the acceptable transfer-error rate as 10-4. The transfer-error rate was much higher than the 
acceptable transfer-error rate when the PU filled in the PDMS mold was fully cured. We 
found that the transfer-error rate can meet the acceptable transfer-error rate by reducing the 
UV-exposure time of the PU. We theorize that dangling bonds in the polymer-network of the 
partially cured PU helps retain more PA. To determine the correlation between the UV dose 
for curing PU and the amount of coated PA, a red dye (LDS 698, Exciton) was added to PA. 
Here we assume that the intensity of photoluminescence from the doped dye is linearly 
proportional to the quantity of PA when the doping concentration of the dye is low (6x10-3 
wt%). The dye-doping does not appear to affect the functionality of the PA. After preparing 
PU-fllled molds where the filled PU is exposed to different UV doses, WAD is performed 
with the dye-doped PA. Then, the photoluminescence intensities are measured, exciting the 
dye with an Argon-ion laser (A^514 nm). 
The correlation between the intensity of photoluminescence and the UV dosage is 
shown in Fig. 3a. Here, we averaged all photoluminescence spectral values within 50 nm 
range around the photoluminescence peak as shown in the Fig. 3b. The relationship between 
the PA quantity and UV dosage to the PU is not monotonie; the intensity of 
photoluminescence shows a maximum at 0.9 J/cm2. We do not consider dosages less than 
0.2 J/cm2 because PU is apparently miscible with PA under an optical microscope when the 
dosage is less than the dose of 0.2 J/cm2, showing PU still has much fluidity which would 
result in capillary wicking and structural deterioration at these lower dosages. 
The transfer yield was sufficiently high to stack highly layered micro structures while 
satisfying the acceptable transfer-error rate for the dosage ranging from 0.45 to 2.7 J/cm2. 
For doses outside this range, the transfer yield drops precipitously. In the acceptable range, 
the minimum dose, 0.45 J/cm2, is considered the optimal UV dose for 2P-|iTM because 
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excess PA may result in an undesired thin film on a substrate and a shorter curing time is 
better for reducing total process time. Note that the UV dose only represents the incoming 
dose from a UV source, not including UV dose from reflected UV light by the interfaces of 
materials. The asymmetric photoluminescence spectrum in Fig. 3b is mainly due to a low 
pass filter, having a cut-off wavelength of 550 nm, used for blocking the excitation laser light. 
If the area of PA application is wider than the area of transferred structures, it will 
hinder further processing. For instance, the excess film will hinder a selective etching of 
substrates or electrodeposition using conducting substrates. To investigate the structure of the 
PA film and its bonding characteristics, we fabricated a two-layer structure on a glass 
substrate that was first coated with a water-soluble polymer. The dosage on PU was 0.45 
J/cm2. By dissolving the water-soluble polymer with distilled water, the two-layer structure 
was easily separated from its substrate, resulting in a free-standing form of the structure. The 
SEM micrographs of the bottom surface of the separated structure are shown in Fig. 4. In the 
micrographs, each bar shows quite clear edges without excess material. Interestingly, circular 
patterns, which were not observed before the WAD of PA in Fig. 2d, were found at the 
bonding surface. Presumably, these patterns originated from air captured in making sudden 
contact with a substrate or the contraction of PA in curing. The flat disk-shaped remnants in 
Fig. 4 confirm that the filled PU had lost its fluidity when placed on the substrate; otherwise 
hemispheric patterns would be formed. From the patterns, we can infer that the PA coating is 
uniform and very thin as compared to the height of the PU bars. 
To demonstrate the feasibility of 2P-piTM for highly layered microstructures, we fabricated a 
12-layer structure (Fig. 5), with the minimum acceptable dose, 0.45 J/cm2. The area of the 
fabricated structure was 4 mm x 4mm and the orientation of each layer was perpendicular to 
the one below. After fabrication, the 12-layer structure was cut along a 45° line to the 
orientation of each layer with a razor blade. The multilayer microstructure sustained this 
cutting with minimal damage indicating high bonding strength. Indeed, the high bonding 
strength is quite critical in the piTM technique because every bonding site of pre-stacked 
layers undergoes tensile stress whenever a PDMS mold is peeled away in transferring 
additional layers. Weakly bonded layers can debond at any stage in subsequent processing. 
The successfully fabricated 12-layer structure in Fig. 5 indicates that each layer had sufficient 
bonding strength to withstand subsequent processing. 
Note that the multilayer fabrication by using soft materials such as PDMS would have 
inherent limit in accuracy due to the irregular distortions of the soft materials in processing. 
The distortion in 2P-[xTM was investigated by using moiré fringes metrology [20], and the 
relative pattern-mismatch was less than ±0.5 (im/mm. Although the inaccuracy from the 
distortions would limit the applications of 2P-^TM for large-area high-accuracy devices, it 
would still be tolerable for many other applications. 
In conclusion, we developed 2P-piTM to provide a route for the fabrication of highly layered 
microstructures with high yield and high structural fidelity. We improved the consistency of 
the fabrication processes by controlling the UV dosage for the photo-curable prepolymers. 
Applying two different prepolymers enable us to separate the bonding and the structural 
functions accomplished by a single prepolymer in conventional |iTM. By separately 
controlling the chemistry and application of the prepolymers, we achieved both high bonding 
strength and extremely low capillary wicking. Moreover, the exact filling without residues 
and selective coating of the prepolymer, relying on the differences in the surface energies, 
were efficiently achieved by WAD. We believe that the advantages of 2P-[iTM will improve 
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3D microfabrication for a variety of applications while preserving the advantages of 
conventional [ATM. 
Experimental 
PDMS molding: We used a photoresist (AZ 5214, Clariant) relief pattern on a silicon wafer 
as a master pattern for PDMS molding. A two-component elastomeric kit, Sylgard 184 (Dow 
Corning), was used to make PDMS molds with the standard mixing ratio of base and 
hardener, 10:1 by weight. The mixture was poured on the master pattern and subsequently 
cured at 60 °C for 4 hours. The thickness of the PDMS molds was about 2 mm to facilitate 
the peeling away of the PDMS molds. 
UV curing: In the experiment, a 100-watt UV lamp was used with a high-pass filter and a 
beam homogenizer for 366 nm UV light. The UV exposure system delivered the UV 
intensity of 1.5mW/cm2 with full-width at half maximum of 4.8 nm. The ambient 
temperature of PDMS molds during the UV exposure was sustained around 30 °C. 
Photoluminescence measurement: For the dye-doping of PA, a red dye (LDS 698, Exciton) 
was dissolved in ethanol as 4x10-3 mol%. After mixing the ethanol solution of the dye with 
PA, the mixture was ultrasonic-agitated for 5 hours. The agitated mixture was argon-purged 
for 24 hours at room temperature to remove ethanol. The doping ratio of the dye was 6x10-3 
wt% after removal of ethanol. For consistent photoluminescence measurement, a hex-packed 
fiber bundle assembly, with the outer six fibers for excitation and the center fiber for 
detection, was used. To reduce the dependency of the detected photo luminescence intensity 
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to the distance from a photoluminescence sample to the end-tip of the fiber assembly, the 
distance was selected 20 times farther than the diameter of each fiber. Moreover, the distance 
was kept constant within 0.2 % of the distance for each measurement using an optical means. 
Appendix: Experimental scheme for photoluminescence measurement 
We use the photoluminescence from a red dye (LDS 698) to quantify the amount of 
PA corresponding to different UV dosage of PU. Since accurate relative comparison is 
required, all conditions for each measurement should be as same as possible. Most relevant 
error may come from difference in optical geometry in measurement. We completely fix the 
positions of the hex-packed fiber bundle assembly and an objective lens (see Fig. Al) after 
aligning them in line. The vertical position of a sample is adjusted to focus the sample. Since 
the depth of focus of the objective is approximately 10 jum and the distance between the end 
of the fiber assembly and the sample is 5 mm, we can keep the distance within an error of 
0.2 % by focusing the sample. So we can infer that whole optical geometry is same for every 
measurement. 
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Figure Al. Schematic illustration of the measurement setup 
PL from LDS 698 decays exponentially during the measurement as shown in Fig. A2. 
We use the initial values of PL in comparison. 
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Figure A2. PL for a UV dosage of 10 min. 
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Figure 1. Schematic procedure of two-polymer microtransfer molding 
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Figure 2. Photographs of the experimental setup and scanning electron microscope (SEM) 
micrographs of WAD: (a) Experimental apparatus for WAD; (b) Empty PDMS mold before 
WAD; (c) Boundary of a PU drop being dragged in WAD; (d) Filled PU in the channels after 
WAD. Note that PU in the images is fully cured for the SEM study. 
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Figure 3. (a) Photoluminescence intensity of dye-doped PA shows a correlation to the UV 
dose of PU; (b) The photo luminescence spectrum is shown, when the dose was 0.9 J/cm2, 
with the range of averaging (50 nm). All other spectra showed a very similar spectral 
distribution 
Figure 4. SEM micrographs of bottom surface of transferred structure are shown with (a) low 
and (b) high magnification. 
Figure 5. SEM micrographs of the 12-layer microstructure; (a) tilted view, (b) top view, and 
(c) lower magnification. 
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CHAPTER 5. DIFFRACTED MOIRÉ FRINGES AS ANALYSIS AND 
ALIGNMENT TOOLS FOR MULTILAYER FABRICATION 
IN SOFT LITHOGRAPHY 
A Paper published in The Applied Physics Letters1 
Jae-Hwang Lee, Chang-Hwan Kim, Yong-Sung Kim, Kai-Ming Ho, 
Kristen Constant, Wai Leung, and Cha-Hwan Oh 
Abstract 
We studied the lst-order diffracted moiré fringes of transparent multilayered 
structures comprised of irregularly deformed periodic patterns. By a comparison study of the 
diffracted moiré fringe pattern and detailed microscopy of the structure, we show that the 
diffracted moiré fringe can be used as a nondestructive tool to analyze the alignment of 
multilayered structures. We demonstrate the alignment method for the case of layer-by-layer 
microstructures using soft lithography. The alignment method yields high contrast of fringes 
even when the materials being aligned have very weak contrasts. The imaging method of 
diffracted moiré fringes is a versatile visual tool for the microfabrication of transparent 
deformable microstructures in layer-by-layer fashion. 
1 Reprint with permission of Applied Physics Letters, 2005, 86(20), 204101. 
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Introduction 
Soft lithography has attracted the attention of researchers over the past few years 
because of its versatile capabilities for generating patterned structures.]!] The growing 
demand for patterned multilayer structures [2-5] will require more accurate and reliable 
alignment methods for soft lithography. Since alignment techniques are very critical in layer-
by-layer fabrication of multilayered devices, various techniques based on alignment markers 
are used in semiconductor processing. [6,7] In soft lithography, however, elastomeric stamps 
and molds replace photo-masks in conventional lithography. In general, the main drawback 
to using elastomeric materials, such as poly dimethylsiloxane (PDMS), is distortion by stress, 
due to contraction on curing of the elastomers and contact with a substrate. Although rigid 
back-planes have been introduced to elastomeric stamps to suppress the distortion, [8,9] it is 
not clear that they can be used for all applications. For example, the flexibility of the mold is 
required to facilitate release of transferred structures in microtransfer molding (|i.TM). [10] 
Consequently, we need to monitor the whole sample area for the multilayer alignment if 
there is substantial pattern distortion. 
In this letter, we present a simple and versatile free-space moiré fringe-based scheme 
for vertically-integrated optically-transparent structures, for example, in the case of layer-by-
layer fabrication using soft lithography. Metrologies based on moiré fringes have been 
widely used as diagnostic tools for stress-strain analysis,[11,12] because of their high 
sensitivity to spatial displacements. We will study the use of the 0th and the 1st order 
diffracted moiré fringes (0th- and lst-DMFs) to visualize the alignment of multilayered 
three-dimensional (3D) grating structures. We found that DMFs offer a non-destructive way 
to obtain structural information. Furthermore, the use of higher order fringes can help to 
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clarify complex irregular moiré fringes effectively during an alignment in 3D multilayer 
microfabrication. 
Methods and results 
To image moiré fringes, we used the two configurations in Figs. 1(a) and (b) since 
whole imaging area can be placed at the same working distance. The dotted arrows in Fig. 1 
represent the 1st order diffraction angle for a certain wavelength. However, the beams 
emerging at this angle comprise mainly two different diffracted beams, the 0th order at the 
lower grating and the 1st order at the upper grating and vise versa. We will simply call the 
moiré fringe imaged at this angle as lst-DMF. A white light source is positioned at a selected 
angle, and a microscope objective lens (achromatic plan 4x, numerical aperture= 0.17) with a 
0.66 in. complementary metal-oxide-semiconductor camera is placed normal to the sample 
plane. A circular aperture of 3 mm diameter was mounted in front of a condenser lens to 
increase depth of field. The distance between the aperture of the illuminator and the sample 
plane was about 120 mm. By choosing an illumination angle as the 1st order diffraction angle 
of green light (1=550 nm), 1st order diffracted beams for most visible light can be monitored 
with the imaging system when using gratings having a periodicity of 2.5 |im. 
We prepared a transparent 4-layer polymer grating structure on a glass substrate using 
|lTM. The bars of each grating layer were 1.4 |im wide and 1.1 |im high, and the orientation 
of each layer was perpendicular to that of neighboring layers. Fig. 2 shows the moiré patterns 
of the four-layer grating structure using the two different configurations depicted in Fig. 1(a) 
and 1 (b). The zeroth-DMF in Fig 2(a) shows more complex features than that of first-DMF in 
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Fig. 2(b) since the zeroth order beam carries all alignment information for both independent 
orientations of gratings without discrimination and one period of the fringes are composed of 
similar sub-periods. Moreover, the higher background signal due to the bright field may 
reduce the signal to noise ratio in imaging when superimposing optically transparent patterns. 
In contrast, the first-DMF in Fig. 2(b) clearly shows the moiré fringe formed by a pair 
of gratings in which bars are aligned perpendicular to illumination angle. In addition to the 
selective visualization as the grating layers are aligned, the first-DMF is much more distinct 
than the zeroth-DMF by virtue of high contrast in fringe formation. This enhanced contrast is 
due to dark fringes, not observed in the zeroth-DMF. The multi-color feature in DMFs 
originates mainly from dispersive nature of the gratings. This dispersive first-DMFs seems 
effective for the visual analysis of irregular moiré fringes. For example, the first-DMF in Fig. 
2(b) has several color domains, and the domains coincide with the moiré fringe of the second 
and fourth grating layers as seen in Fig. 2(a). By this correlation, we can get the information 
of the other orientation without deteriorating the contrast of the first-DMF of first and third 
grating layers. Note that several straight lines in both optical images in Fig. 2 are defect sites 
where some pattern bars are missing from errors in fabrication. Since these linear defects 
show the actual orientation of the grating structures in the DMFs, we can see that the 
orientation of the irregular moiré fringe is altered dramatically, while the orientation of actual 
bars did not change much. 
Knowing the correspondence between a multilayer structure and its moiré fringes 
allows us to develop a simple non-destructive evaluation method. We performed a 
comparison mapping study between the moiré fringes and the real structure based on 
scanning electron microscopy (SEM). After cutting a four-layer grating structure at 45° to the 
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orientations of each layer to observe a cross section, we compared the first-DMFs with SEM 
micrographs as shown in Fig. 3. From the mapping, we can see that the dark fringes in the 
first-DMF appear when the bars in the third layer are positioned in the middle of a gap 
between bars in the first layer. According to the calculation of N. Yamamoto et al., [13] 
when two identical gratings are aligned in the same direction, the intensity of the 1st order 
diffraction is minimized, as phases of the gratings are opposite [13]. The dark fringe in the 
first-DMF can be interpreted in a similar manner. The dark fringe contributes to enhance the 
contrast of the first-DMF and serves as reliable markers showing alignment information. 
An alignment technique for the soft lithography should be able to align patterns under 
various situations, even when the contrast of patterns is insufficient. For example, a 
transparent PDMS mold used in gTM may carry transparent polymers within its patterned 
channels. The moiré fringes become significantly fainter after the channels are filled with a 
polymer to be transferred if the refractive index of the filled polymer is close to that of the 
PDMS mold. In multilayer fabrication, the recognition of the faint moiré fringes may be 
difficult in the background of pre-existing moiré fringes from previously stacked structures. 
To show the feasibility of this moiré alignment scheme based on the first-DMFs, we 
tried an alignment of a three-layer grating structure on a glass substrate and a patterned 
PDMS mold whose channels are filled with a polymer. The experimental schemes are shown 
in Fig. 4(c). The refractive indices of cured PDMS (Sylgard 184, Dow Corning) and the filled 
polymer (J-91, Summers Optical) are 1.43 (Ref. 14) and 1.55 (Ref. 15) in visible ranges, 
respectively. As a result of the filling, the contrast of the PDMS pattern, An/nPDMS, is 
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significantly decreased from 30% to 7%, where nPDMS and An are the refractive index of 
cured PDMS and the difference of the indices of PDMS and filled material, respectively. 
First, the upper three-layer structure was focused, and then the lower polymer-filled 
PDMS was raised to the upper structure. In the case of the first-DMF, the angle of 
illumination was perpendicular only to the orientation of the second layer and the PDMS 
mold to suppress the moiré fringe from the first and third layer. The images of both zeroth-
and first-DMFs are shown in Figs. 4(a) and 4(b), respectively, when the PDMS mold was 
apart from the three-layer structure about 50 pirn. Although the absolute brightness of the 
zeroth-DMF is higher than first-DMFs, the brightness, not contrast, was adjusted to have a 
similar level automatically. The first-DMF was clearly visible at a separation from around 
300 |im and the contrast increased as the separation decreases. The large proximity gap gives 
sufficient room for relative movement for sample alignment before contact. As shown in Fig. 
4(a), the pre-formed moiré fringe by the first and third layer is more distinct than that of the 
newly formed moiré fringe by the second layer and the polymer-filled PDMS mold. The 
faintness is because of the low contrast of the pattern on the PDMS mold due to the polymer 
filling and the PDMS mold not being in exact focus. Under the same conditions, the faint 
fringe in Fig. 4 (a) became significantly clearer in the first-DMF shown in Fig. 4(b) and 
comparable to the pre-formed moiré fringe. Although the pre-formed moiré was not 
suppressed entirely, the enhanced contrast facilitates alignment in layer-by-layer fabrication. 
In conclusion, we demonstrated a visual alignment system for layer-by-layer 
microfabrication based on diffracted moiré fringes with white light. The comparison study 
between moiré pattern and SEM cross-section micrograms demonstrated that DMFs can be 
used as a non-invasive optical inspection tool for obtaining structural information of 
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multilayer samples. The imaging of first-DMF has a number of attractive features for 
analysis and alignment of multilayer microstructures: selective imaging depending on aligned 
orientation; enhanced contrast of moiré fringes; availability of a visual inspection of 
alignment status; simplicity in the multilayer alignment even under low contrast of patterns. 
With these advantages, the imaging method of first-DMF should be applicable for 3D 
fabrication of microstructures using soft lithography, as an inspection and alignment tool 
even when moiré patterns are extremely complex. 
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Figure 1. Schematic illustration of configurations for (a) zeroth-DMF and (b) first-DMF 
imaging. 
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Figure. 2. (Color) Moiré fringes of a four-layered grating structure monitored by (a) zeroth-
DMF and (b) first-DMF with (c) their imaging configuration. The white dashed lines 
represent boundaries of color domains in the first-DMF. 
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Figure 3. (Color) Mapping of first-DMFs, generated by the first and third layer of a four-
layered grating structure, to their corresponding SEM micrographs is shown. The first and 
third layers, and the second and fourth layers are colored red and blue, respectively, in the 
SEM micrographs. 
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Figure 4. (Color) (a) zeroth-DMF and (b) first-DMF in alignment are shown with (c) their 
imaging configuration. The solid and dashed lines are inserted in both images along 
preformed and newly formed fringes, respectively. 
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CHAPTER 6. THREE-DIMENSIONAL METALLIC PHOTONIC 
CRYSTALS FABRICATED BY SOFT LITHOGRAPHY FOR MID-
INFRARED APPLICATIONS 
A Paper published in The Applied Physics Letters1 
Jae-Hwang Lee, Chang-Hwan Kim, Yong-Sung Kim, Kai-Ming Ho, 
Kristen Constant, and Cha-Hwan Oh 
Abstract 
We present an efficient method of fabricating free-standing three-dimensional 
metallic photonic crystals using soft lithography. Low cost and ease of fabrication are 
achieved through gold sputter deposition on a free-standing woodpile polymer template. We 
compare experimental results to theoretical calculations for tetragonal and face-centered-
tetragonal structures as a function of the number of layers. The photonic crystals behave like 
full metallic structures with a photonic band-edge at a wavelength of 3.5 fim. The rejection 
rates of the structures are about 10 dB per layer. 
Introduction 
Since the proof [1] of the existence of photonic crystals, which can prohibit the 
propagation of light in all directions at a certain range of frequencies [2,3] called a photonic 
1 Reprint with permission of Applied Physics Letters, 2006, 88(18) 181112. 
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band gap (PBG), researchers have intensively investigated easier fabrication methods. As 
PBGs approach the optical range, semiconductor processing has emerged as a reliable means 
of achieving large-area structures with superior fidelity and intentional defects. [4,5] 
However, achieving PBG effects requires that the thickness be increased significantly, which 
is both costly and tedious using semiconductor processing techniques. . On the other hand, 
one interesting alternative, direct laser writing using two-photon polymerization, seems to 
have the capability of fabricating highly layered structure even with non-periodic functional 
defects [6,7]. However, the lateral area of available PhCs is practically limited to an order of 
10"2 mm2 because registration of structures usually relies on high-resolution piezoelectric 
actuators. Meanwhile, attempts to use metals in place of dielectric materials have continued 
and have shown some interesting properties, for example, high quality factors for cavities,[8] 
robust photonic band gaps, [9] extrinsically tailored absorption, [10] selectively enhanced 
thermal radiation,[ll] and recently, negative refraction.[12] Metallic photonic crystals 
(MFCs), however, have not been intensively explored for optical applications compared to 
planar metallic structures such as frequency selective surfaces,[13-15] because of the 
difficulties and high cost of three-dimensional (3D) micro fabrication. In applications, the 
mid-infrared (mid-IR) range is a significantly important spectral window in material 
identification, thermal imaging and gas analysis in commercial, observational astronomy and 
defense. [16] More specifically, recent analytic chemistry and biochemistry may require 
optical elements compatible with microfluidic systems, often fabricated by soft lithographic 
techniques [17], for lab-on-a-chip applications. As new demands have emerged in mid-IR 
applications, MFCs have received growing attention, and alternative fabrication methods for 
MFCs are required. 
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Method and results 
In this letter we report an efficient method employing soft lithography to fabricate 
free-standing 3D MFCs for mid-infrared ranges without undesirable optical effects resulting 
from a substrate such as reflection and absorption. Since our approach is non-optical replica 
molding, in principle, the structural resolution can follow the highest resolution of the 2D 
lithography used in the master pattern fabrication, while 3D photolithographic techniques 
such as direct laser writing and holographic lithography have an optical limit in spatial 
resolution especially vertically [18]. Because metallic PhCs can demonstrate functionality 
with fewer layers than dielectric PhCs [10], wider structures are preferred over taller 
structures. We achieved square-millimeter-wide 4-layer MFCs with a metallic photonic band 
edge. Fig. 1 shows the schematic procedure for fabrication of the MFCs. First, we spin-coat 
at 4000 RPM a water-soluble polymer on a glass substrate to form a sacrificial layer. 
Commercially available glue (O'Glue®, Itoya) was used for the water-soluble polymer with 
mixing ratio of water to glue of 2:1 by weight. We used a soft lithographic technique, called 
two-polymer microtransfer molding [19] to fabricate a polymer structure layer by layer. In 
the technique, a photo-curable prepolymer (J-91, Summers Optical) is filled in the micro-
channels of an elastomeric mold, and solidified. A second photo-curable prepolymer (SK-9, 
Summers Optical) is selectively coated on the filled polymer as a bonding material. The 
adhesive prepolymer is cured after making contact with the substrate. The filled polymer 
structure is left on the substrate by peeling off the elastomeric mold. A multilayer structure is 
fabricated by repeating the same processes as shown in Fig. la. In our experiments, the 
polymer structure consists of layers of equally spaced polymer rods, 1.2 fim wide and 1.1 fim 
high, with a periodicity of 2.5 fim. The orientation of each layer is perpendicular to the layer 
below. For the perpendicular alignment of the first and the second layers, alignment marks 
were used. A diffracted moiré fringe based alignment technique, in which the fringes are 
monitored at the angle of the first-order diffraction corresponding to the periodicity of 
polymer rods, was used to align the third and fourth layers parallel to the first and second 
layer, respectively. [20] As shown in Fig. lb, a 0.2 mm thick brass frame was attached on the 
multilayer polymer structure with the photo-curable prepolymer (J-91, Summers Optical). 
This frame improves the rigidity of the structure after separation from the substrate. The 
framed structure was submerged in distilled water for an hour to dissolve the water-soluble 
layer. When removing the separated structure from water, the plane of the structure was 
perpendicular to the water-air interface to minimize damage due to the surface tension of 
water. The free-standing structure was dried in an oven at 60°C for 24 hours. After drying, 
the free-standing polymer structure was fairly flat although the suspended area is quite large 
(3.5 x 3.5 mm). Gold was used as coating material since it has excellent optical properties for 
IR applications [21] and is chemically inert. In Fig. Id, gold was deposited by sputter coating 
with a tilted rotation to reduce inhomogeneity of the deposition. 
Since sputter deposition is not conformai for 3D microstructures, we qualitatively 
characterized the deposition of gold optically as increasing thickness of gold. To make a 
gradient in the thickness, half of a four-layer free-standing polymer template was covered by 
an aluminum mask apart from the surface of the template about 0.5 mm. The deposition 
thickness was 150 nm, which is overabundant for an even surface since the skin depth d of 
gold is below 15 nm for mid-IR from 2 fim to 10 fim, obtained from the equation, d = 
Aol{4nm), [22] where n and K are the refractive index and extinction coefficient of gold, 
respectively, and Ac is the wavelength of light in vacuum. Sputter deposition was performed 
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on both sides of the template under pressure of 80 millitorr of argon. We measured normal 
transmittance and reflectance of several areas along the direction from a covered area to a 
fully exposed area using a Fourier transform infrared (FT-IR) microscope (Hyperion 1000, 
Bruker) with a sampling area of 90 fim x 90 fim. Fig. 2a and b show reflectance and 
transmittance spectra of the selected areas having different gold deposition thicknesses. As 
the deposition thickness of gold increases, reflectance approaches unity at the wavelengths 
longer than a photonic band edge of 3.5 fim. The corresponding transmittance spectra drop 
down to the measurement limit of the spectrometer in the band gap. The band gap effects 
appear first at longer wavelengths due to smaller skin depths for longer wavelengths. For 
partially coated areas, intrinsic absorption peaks from the polymer structure still appear, 
which are identifiable by the absorption spectrum of the structural polymer J-91, measured 
by a FT-IR spectrometer (Magna 760, Nicolet), in Fig. 2c. Even though local structures of 
each measured site are not identical, this gives qualitative information to determine the 
deposition thickness .These measurements show that 150 nm is enough to convert a polymer 
structure to a metallic structure. 
We fabricated gold coated 2-, 3- and 4-layer free-standing structures. In Fig. 3a and b, 
scanning electron microscopy (SEM) micrographs of a fabricated 4-layer structure show two 
co-existing crystal structures in a single sample, tetragonal and face-centered-tetragonal 
(FCT), respectively. The visible transmission image in Fig. 3c shows domains because the 
intensity of transmitted visible light is mostly proportional to the openings in local structures. 
The brightest and darkest areas represent tetragonal and FCT structures. Although the 
deformation due to the flexibility of the elastomeric mold in fabrication would limit the size 
of a single domain in a multilayered structure, the observed moiré fringes indicate the size is 
large enough for optical applications (on the order of square millimeters). Fig. 3d is the 
cross-section of a 4-layer structure to evaluate the results of the gold deposition for a 
complex geometry in parallel with the optical means shown in Fig. 2. Since we deposited no 
additional gold after cutting the structure, the exposed polymer structure can be differentiated 
from the gold layer in brightness and its different deformation behavior at the breaking point. 
From the cross-section, we can infer that the polymer structures were covered completely 
with gold by the sputter coating. 
We measured reflectance and transmittance of two different structures, tetragonal and 
FCT as a function of the number of layers. Fig. 4 shows the results with those of numerical 
calculations. In the calculations, the analytic modal expansion method combined with a 
transfer-matrix technique [23] was used to simulate solid gold structures. Reflectance spectra 
for both tetragonal and FCT structures show similar characteristics except in the shorter 
wavelength region below 2.5 fim. In transmission, a typical metallic band gap is observed for 
wavelengths longer than 3.5 fim. The rejection factors within the gap is around 10 dB per 
layer for both structures; however, the transmission window of the tetragonal structure is 
more clearly defined due to higher flat transmittance than that of the FCT structure below 2.5 
fim. The transmission contrasts (defined as transmittance out of gap divided by transmittance 
in gap) for four layer tetragonal and FCT are approximately 30 dB and 20 dB. The 
experimental results show good agreement with the numerical calculations, in which solid 
gold structure are assumed, and this means that the thickness of the gold-coated structure is 
sufficiently bigger than the skin depth for the system to behave as a solid gold structure. We 
also observed that high order diffractions exist when wavelengths are shorter than 3 fim with 
an angle-resolved FT-IR spectroscopy. Since an objective mirror of the FT-IR microscope 
has a finite acceptance angle of 30 degree, the light emerging over the angle is not counted as 
signals. Therefore the actual reflectance and transmittance at wavelengths shorter than 3 fim 
are higher than the measured values in Fig. 4. To simulate the actual measurements, we 
assumed that a focused beam of the FT-IR microscope has multiple wave vectors satisfying 
the condition, Sin 6 > + k2y /|k|, where kx, ky and d are the two orthogonal wavevector 
components parallel to a surface of a photonic crystal and the acceptance angle, respectively. 
Transmission and reflection contributions for higher order diffracted beam are included in 
our calculations only when the diffracted beam falls within the acceptance angle. 
Conclusions 
In summary, we developed an efficient method for free-standing 3D MFCs using soft 
lithography. The non-optical nature of the method yields excellent 3D definition in 
fabrication of templates. By a simple deposition process, the polymer templates are converted 
to MFCs exhibiting fully metallic features with a high rejection factor and high transmission 
contrast in spite of their complex geometry. With a high degree of control over the structure 
of MFCs, this fabrication method will allow us to implant defect structures to tailor optical 
functionalities without modification of the fabrication method. The structural flexibility of 
the MFCs will allow applications requiring curved geometries. Moreover, the distinct free­
standing feature, if fluid-permeable, would be useful for combining photonics and 
microfluidics in biological and chemical engineering. 
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(a) 
Multilayer polymer structure 
(b) 
Metal frame A 
rater-soluble polymer 
(C) (d) 
Figure 1. (color online). A schematic procedure for fabrication of a four-layer free-standing 
metallic photonic crystals: (a) A polymer structure on a substrate coated with a water-soluble 
layer; (b) A rigid metal frame is attached around the polymer structure; (c) The polymer 
structure is separated from the substrate by dissolving the water-soluble layer; (d) The free­
standing polymer structure is converted to a metallic structure by the sputter coating of gold. 
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Figure 2. (color online), (a) Reflectance and (b) transmittance spectra of a four-layer free­
standing structure are characterized with increasing thickness of gold, (c) Absorption 
spectrum of a homogeneous thin film of the structural polymer J-91 is presented. 
1mm 
Figure 3. (color online). Top-view SEM micrographs of (a) tetragonal and (b) face-centered-
tetragonal domains in a free-standing gold-coated 4-layer structure are shown with 
corresponding schematics. Moiré fringes in (c) a transmission optical image show the 
domains of the 4-layer structure, (d) Well-covered gold layers are shown in the cross-section 
of a 4-layer structure. 
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Figure 4. (color online). Reflectance and transmittance spectra of tetragonal and FCT 
structures as increasing the number of layers are shown with results of numerical calculations 
for four layer metallic structures. 
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CHAPTER 7. WOODPILE METALLIC PHOTONIC CRYSTALS 
FABRICATED BY SOFT LITHOGRAPHY FOR TAILORED 
THERMAL EMISSION 
A paper to be submitted to the Advanced Materials 
Jae-Hwang Lee, Yong-Sung Kim, Kristen Constant, and Kai-Ming Ho 
Abstract 
Three-dimensional (3D) micro-patterning of materials can create advanced mechanical, 
chemical, or electromagnetic functionalities, not observed in bulk. This is especially true for 
3D periodic structures, called photonic crystals, which significantly modify optical properties 
of materials for light having wavelengths close to the periodicity of the patterning [1,2,3]. 
Among them, a 3D metallic photonic crystal (MPC), usually in a woodpile-like pattern [4], 
has recently attracted attention because it can produce an efficient thermal emitter [5] 
through tailoring of the absorption spectrum [6,7]. However, its fabrication is still 
problematic because of challenges in 3D microfabrication at optical scales. In this letter, we 
report a non-photolithographic fabrication method using soft lithography [8,10] and 
electrodeposition to produce highly-layered full-metallic structures with excellent structural 
fidelity. By adding a homogeneous monolithic backplane to the conventional woodpile 
structure, the difficulty of alignment in a layer-by-layer fabrication is alleviated, while 
preserving characteristic high enhancement of thermal radiation in a tailorable range of 
frequencies. 
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Introduction 
Although the tailored enhancement of absorption has been observed from woodpile 
MFCs fabricated by semiconductor processing [6,7], obstacles in multilayer alignment and 
intricate processing still remain. As alternatives, fabrication processes through 3D templates, 
such as direct laser writing techniques [9], have been reported. However, in all approaches 
using templates, metal-infiltration is a critical step in producing a metallic structure from its 
template due to the complex 3D geometry of the template. Therefore, electrodeposition has 
strong potential for complete bottom-up filling rather than vapor-phase deposition which 
often results in voids from blocked channels. However, a number of requirements must be 
satisfied, including: complete wetting of the template, slow deposition to prevent hydrogen 
generation at the cathode, and good chemical and mechanical stability of the template under 
electrolytes. In addition, the surface of the conducting substrate cannot have any insulating 
residue impeding current flow after forming the template. It is not clear that other approaches 
using photolithography including direct laser writing are adequate for the fabrication of the 
woodpile metallic structure using electrodeposition. 
Recently, we reported a soft lithographic technique, called two-polymer microtransfer 
molding [10], for the fabrication of layer-by-layer polymer microstructures using non-optical 
additive processing. With the technique, a photo-curable polyurethane prepolymer is filled in 
linear micro-channels of a poly(dimethylsiloxane)-based elastomeric mold and solidified. 
The surface of the pre-filled polymer is coated with a photo-curable polymetacrylate 
prepolymer as an adhesive layer and the assembly is placed in contact with an indium-tin-
oxide (ITO) coated glass. Then, after curing the adhesive layer and peeling off the 
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elastomeric mold, a layer of micro-rods are transferred to the ITO-coated glass. A woodpile 
polymer template is created after multiple transfer steps. Generally the layer-by-layer 
structure requires sophisticated translational alignment to place rods of each layer in the 
proper position half way between the rods of other layers having same orientation. However, 
we did not attempt the translational alignment in addition to the angular alignment for the 
parallel arrangement of rods in different layers using a moiré fringes-based alignment 
technique [11]. We will show that translational alignment is not crucial in the metallic layer-
by-layer structure later. The multilayer polymer template is backfilled by the 
electrodeposition of nickel until a homogenous over-layer is formed. The over-layer will 
serve as the backplane of the photonic crystal structure and its optical contribution will be 
discussed. The backfilling speed is slower than for a bare ITO surface which indicates that 
some electrically insulating residue exists on the surface although it is not sufficient to 
prohibit electroplating. The residue may originate from the elastomer molds used in soft 
lithography [12] or prepolymers used in forming the polymer templates. Because of weak 
adhesion of the electrodeposited nickel to ITO, the backfilled structure is easily peeled off 
manually. The polymer template embedded in the backfilled nickel structure is chemically 
removed. 
Experimental and results 
Fig. la shows scanning electron microscope (SEM) images of a free-standing 11-layer nickel 
structure without the backplane. The size of fabricated nickel structures is sufficiently wide 
(4x4 mm2) for a thermal emitter and each layer consists of more than 1,500 rods, 1.1 |im 
wide and 1.2 |im high, with an in-plane rod distance of 2.6 |im. The orientation of each layer 
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is perpendicular to adjacent layers. Since translational alignment is not attempted, multiple 
domains are usually observed as seen in Fig. lb. Therefore, we cannot classify the fabricated 
structure as tetragonal or face-centered-tetragonal although a local area can have a definite 
structure as shown in Fig. lc, for instance. However, the SEM images in Fig. 1 clearly reveal 
complete backfilling without voids. The resulting quality is comparable to that of the metallic 
photonic crystal by state-of-art, costly, time intensive semiconductor processing [6,7]. 
Thermal emission from MFCs with a backplane is measured by the experimental 
schemes in Fig. 2a, with a Fourier-transform infrared (FT-IR) spectrometer (Nicolet Magna 
760). Each sample is mounted on a copper block using a silver paste (597-C, Aremco) for 
good thermal contact and the temperature of the sample is defined by that of the copper 
mount. The acceptance angle and collecting area of the optical system are adjusted to be 10 
degree and 1 x 1mm2, respectively. The temperatures of the vacuum chamber and optical 
components are held at around room temperature by cooling water and air. The measurement 
system is calibrated using a cavity blackbody source (emissivity higher than 0.99) at two 
different temperatures [13]. The radiation from the surrounding, inevitable in measuring 
surface-normal emission, is also corrected [13]. Thermal emission spectra from a patterned 
and a flat surface in a single sample, as seen in Fig. 2b, are acquired under the same 
conditions for comparison. Polymer templates for more than two layers are intentionally 
aligned to make a multi-domain MPC to investigate the average enhancement effect from 
differently aligned domains, which represent all possible alignments. In Fig. 2c, for instance, 
the periodicity of moiré fringes ranges from 0.1 to 0.2 mm and a single domain size would be 
approximately 10% of the periodicity of the fringes. 
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Fig. 3a shows the measured thermal radiation spectra as a function of temperatures 
from 600K to 800K with corresponding blackbody radiation spectra. The characteristic 
enhancement around the band-edge of 3.5 |im is always observed in all structures even in a 
single layer. The radiation power at the peaks approach 80% of blackbody's even for a two-
layer structure. The substantial increase of thermal radiation of the two-layer structure is the 
result of the homogeneous backplane from results of our theoretical calculations. The 
modified thermal emission from the two-layer structure is 2.5-times more efficient than that 
of a graybody having the same emissivity, 0.81 at the peak emission. The emissivities of each 
patterned structure at different temperatures are shown in Fig. 3b with the emissivity of a 
non-patterned surface also shown for comparison. The peak positions are independent of the 
temperature as reported [6, 14 ] and all patterned structures show almost five-fold 
enhancement compared to the non-patterned surface at the photonic band-edge region. 
Metallic photonic crystals have been predicted to suppress the thermal emission in their 
photonic band gap [6,7], however, the emissivities at the wavelengths far beyond the band-
edge exceed that of the non-patterned surface by roughly 50% and similar behavior was 
theoretically predicted for thermal emission from a two-dimensional MPC [15]. We observe 
that the performance of the two-layer MPC in Fig. 3b is comparable to that of an 8-layer 
MPC without a backplane by a modified silicon process [14]. This implies enormous 
advantage for an economically feasible MPC thermal emitter since our two-layer MPC only 
requires a 90-degree alignment. As the number of layers increases, the number of the peaks 
and the enhancement range of wavelengths also increase. 
Method 
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The commercially available electrodeposition electrolyte kit (Bright nickel, Caswell) 
is used without modification for the electrodeposition. An ITO-coated substrate (8-12 ohms, 
SPI) is sonicated in a water-based detergent for an hour and thoroughly rinsed with distilled 
water. After fabrication of the polymer template [10] on the ITO substrate, the template is 
submerged into the electrolyte in a chamber and the surrounding pressure is subsequently 
reduced to a level just before the electrolyte boils at room temperature and then recovered to 
the atmospheric pressure. After 10 cycles of depressurization, we observed that the polymer 
template wets completely within 10 minutes. The pressure cycling has two effects: First, 
volume expansion of the captured air in the template; Second, depletion of dissolved air in 
the electrolyte because of lower gas solubility at lower pressure. After wetting occurs, the 
electrodeposition is performed at room temperature with a current density 0.15 mA/mm2 at 
DC 2.5 volt until a green laser beam directed through the template is completely blocked by 
the overfilling of nickel. The electrolyte is continuously stirred and filtered during the 
electrodeposition. Required deposition time is usually from one to four hours depending on 
the total thickness of the template. The backfilled template is peeled off manually and 
cleaned with distilled water and isopropanol. The polymer template is removed by 
submerging in a 30 wt% aqueous solution of potassium hydroxide for 10 minutes at room 
temperature. The MPC is cleaned in distilled water and dried with pressurized nitrogen 
following the polymer removal. 
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Appendix: Additional information for the infrared radiometry 
Optical window 
Since our photonic crystal will be heated from 500K to 1000K, the peak radiation will be 
3[im to 6|0,m and most radiation power would exist at wavelengths longer than the peak, the 
optical window material should be transparent from near-IR to mid-IR (l|im - 15|im). As 
seen in Fig. Al, Some salt windows, Calcium Fluoride (CaF2), Sodium Chloride (NaCl), and 
Potassium Bromide (KBr), can be excellent window materials not only for IR but for visible 
light as well. Their flat and high transmittance is also useful for high optical throughput and 
system calibration. They have only 2 % of IR absorptance for a 3 mm thick window, an 
optical window by these materials will show very low thermal emission. Conventionally Zinc 
Selenide (ZnSe) is useful for an IR window because of its low absorptance in wider IR 
ranges than the salt windows and water-resistivity, however, its uneven and high reflectivity 
would cause difficulties in optical throughput and in calibration. Moreover a ZnSe window is 
more expensive than the salt windows. Among the salt windows, I used KBr window to 
match with the KBr beamsplitter in the FT-IR spectrometer (Magna 760). 
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Template removal 
A polymer template used for fabrication of a metallic photonic crystal should be 
removed to observe the tailored thermal emission from a photonic crystal. If the backfilled 
material were oxide such as titanium dioxide, the template can be removed by firing in air 
because the polymer template leaves residue below 1 % of its initial weight after firing at the 
temperature as high as 600 °C. The firing was difficult to apply for metallic structures 
because of oxidation of metals at high temperatures. When we tried the firing in inert 
environment (low pressure Argon) a considerable amount of carbon-residue was observed as 
seen Fig. A2. The carbon-residue is not easy to remove after forming and it also affects the 
thermal emission behavior. 
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Figure A2. SEM micrographs (a) before and (b) after firing. 
Very thin layers of polymer residue cause a significant effect in thermal emission. We 
prepared thin strip of a copper foil and its center was coated with the polyurethane polymer 
in Fig. A3 a. From the image in Fig. A3b, we can see the polymer-coated area is much 
brighter than the other because of the high emissivity of the carbon-residue. 
(a) Copper foil (b) 
Polymer thin-film 
Figure A3. Photographs of a polymer coated copper foil (a) before and (b) during Joule 
heating. 
As a result, a chemical etching would be greatly favorable and the accidental discovery of 
KOH etching was invaluable to complete the fabrication via 2P-|iTM. A polymer template 
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and backfilled copper are seen in Fig. A4(a) and the template is selectively removed by the 
KOH etching without affecting the copper in Fig. A4(b). This selective etching is also 
effective for most metals deposited by electrodeposition. 
(a) Before etching (b) After etching 
Figure A4. SEM micrographs (a) before and (b) after etching. 
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Figure 1. Three-dimensional metallic photonic crystals fabricated by soft lithography and 
electro-deposition of nickel, a, Cross-sectional view of a layer-by-layer structure with 11 
layers, b, Close view and c, top view of the structure. 
I l l  
Flat surface Photonic crystal 
Figure 2. Experimental schemes for a photonic crystal emitter, a, Dlustration of experimental 
setup, b, A sample mounted on a copper block is shown with schematic illustration of a 
sampling area, c, moiré fringes of a four-layer polymer template. 
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Figure 3. Characteristics of thermal emission from the photonic-crystal emitters. Thermal 
radiation power from the emitters are shown as a function of the number of layers with 
corresponding blackbody radiation power at the three different temperatures, 600 K (solid 
curve), 700 K (dashed curve), and 800 K (dotted curve). 
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CHAPTER 8. OTHER APPLICATIONS: TAILORABLE POLYMER 
WAVEGUIDES FOR MINIATURIZED BIO-PHOTONIC DEVICES VIA 
TWO-POLYMER MICROTRANSFER MOLDING 
A paper to be submitted to the Proceedings of SPIE 
Jae-Hwang Lee, Zhuo Ye, Kristen Constant, and Kai-Ming Ho 
Abstract 
Traditional optical fibers have been developed to achieve novel characteristics for 
both macro- and micro-applications. Inorganic optical waveguides using two-dimensional 
photonic crystals and silicon-on-insulator technology are examples of recent trends for 
macro- and micro-scale optical applications, respectively. As visible light is mainly used for 
bio-photonics, visible-transparent materials such as metal oxides and polymers are preferred 
as the guiding medium. Although polymers have tremendous potential because of their 
enormous variation in optical, chemical and mechanical properties, their application for 
optical waveguides is limited by conventional lithography. We present a non-optical 
lithographic technique, called two-polymer microtransfer molding, to fabricate polymer 
nano-waveguides. The technique achieves low cost, high yield, high fidelity, and tailorable 
fabrication. Micro-sources having different emission colors are coupled by direct writing of 
quantum dot resins to cover all visible ranges. We have quantified propagation losses of the 
waveguides. 
115 
Introduction 
Miniaturized photonic devices consisting of waveguides, couplers and light sources 
are in great demand for bio-applications [1,2,3,4], In addition to their functionality, cost-
effectiveness is advantageous especially for disposable devices desirable for avoiding 
contamination and long preparation time. Additionally, polymers are considered as 
promising materials for biophotonic applications because of their processability, cost-
effectiveness, high yield and wide tenability [5]. To develop miniaturized photonic devices, 
the fabrication of optical waveguides is crucial since highly integrated novel functionalities 
depend on a well-organized optical network. To fabricate the polymer waveguides, various 
techniques, such as reactive ion etching [6], laser direct writing [7], nano-imprinting [8], 
direct drawing [9], replica molding [10], and microtransfer molding [11], have been 
developed. Among them, microtransfer molding (|iTM) has a number of capabilities making 
it well-suited for low-cost, non-planar and three-dimensional (3D) fabrication of polymer 
waveguides. Recently, we have developed an advanced microtransfer molding technique, 
called two-polymer microtransfer molding (2P-|iTM) [12], which shows high yield and good 
quality in 3D layer-by-layer fabrication with polymer. Moreover, 2P-jiTM is expected to 
enable mass production of bio-photonic devices by roll-to-roll fabrication. 
Experimental 
In 2P-|iTM (see Fig. 1), a photo-curable polyurethane prepolymer (J-91, Summers 
Optical) is filled in micro-patterns of a poly(dimethylsiloxane) (PDMS)-based elastomeric 
mold and solidified. The surface of pre-filled polymer is coated with a photo-curable 
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polymetacrylate prepolymer (SK-9, Summers Optical) as an adhesive layer and is placed in 
contact with a substrate. By peeling off the elastomeric mold after curing the adhesive layer, 
micro-elements in the patterns are transferred to the substrate. In this article, we demonstrate 
that 2P-|0.TM can be applied to fabricate micro-waveguides with physical dimensions that are 
comparable to the wavelength of guided light. Such small waveguides are in high demand for 
bio-sensing since the guided light can interact with surrounding biological entities [13]. 
An array of waveguides is fabricated on an oxidized silicon substrate, with a 2.0 |Xm thick 
oxide layer, as seen in Fig. 2a. The fabricated waveguide is slightly trapezoidal rather than 
rectangular with a height of 1.2 gm, and a base of 1.3 jim, and a top of 1.0 |im. The distance 
between two adjacent waveguides is 2.5 fxm. Since the refractive indices of the waveguides 
and the oxide layer are 1.55 [14] and 1.46 [15], respectively, their contrast is sufficient for 
light guiding. A waveguide structure fabricated by other soft lithographic techniques like 
replica molding or conventional |iTM [16] often has an unnecessary residual layer between 
waveguides which may potentially limit the functionality of the waveguides. Although the 
residual layer can be reduced by dilution of the material for waveguides [17] or can be 
removed by reactive ion etching after fabrication [18], the best way to accomplish this is with 
a fabrication method such like 2P-(iTM, that does not result in a residual layer. 
The coupling of light source to a waveguide is a critical issue for practical 
applications. Several coupling methods including direct focusing, butt coupling, prism, and 
grating coupling, have been developed [19], however, we used direct embedding of light 
sources on waveguides for simplicity of fabrication and ease of alignment. As high dosage of 
ultraviolet (UV) is usually used in 2P-|iTM for waveguide fabrication, UV-resistant 
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inorganic light-emitting materials are preferred. Since high efficiency semiconductor 
quantum dots (QDs) are commercially available, we used a UV-curable QD resin (Evident 
Tech.) without modification for compatibility with 2P-gTM. As seen in Fig. 2b, 0.1 nano-
liter of the QD resin is applied on the desired position of the fabricated array of waveguides 
using a metallic stylus. After application, the QD resin slightly spreads along the direction of 
the waveguides until it is solidified by UV exposure. Here, we anticipate that the light from 
the QDs by photo-excitation will couple to the guiding modes of the waveguides as 
illustrated in Fig. 2c. 
Numerical calculations were performed to predict the mode diagram and profiles of 
each mode of the fabricated trapezoidal waveguides. The plane wave based transfer matrix 
method (TMM) is used for those calculations [20,21]. A supercell of 2.5 |imx5.0 |0,m and 
29x29 plane waves were used. To distinguish each mode clearly, the difference between the 
z-component of the wave vector of guiding modes and the magnitude of the wave vector of 
the leaky mode through the oxide layer, (h/27r)[&z-&o"s], versus the normalized frequency, 
ohUnc, is plotted in Fig. 3a, where h, and c are the height of the waveguide, the refractive 
index of the oxide layer and speed of light in vacuum, respectively. In the numerical 
calculations, the silicon below the oxide layer is also considered; however, a guiding mode 
through the homogeneous oxide layer does not exist due to the high absorptance of silicon. 
Because of asymmetry of the waveguides, two similar modes appear in each band. For the 
maximum emission wavelength of the QDs (XMAX=625 nm), we can see that very similar two 
fundamental modes exist and their electric fields are well confined in the waveguide as 
shown in Fig. 3b. Another two higher modes in Fig. 3c may also exist although their fields 
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extend into the substrate considerably because the thickness of oxide layer is large (2 (xm). In 
contrast, the mode in Fig. 3d barely exists so it cannot be a major guiding mode. From the 
numerical calculation, we can assume that the four lowest modes having the profiles in Fig. 
3b and 3c play the major role in propagation of light. 
In addition to numerical calculations, we experimentally investigated the guiding 
characteristics of the waveguide array with the QD sources. The QD source is excited by a 
focused Argon ion laser (X=365 nm) and the guided light is collected by an optical fiber with 
a core diameter of 100 |im (see Fig. 4c). Since a single QD source is coupled to 
approximately 30 individual waveguides as seen Fig. 2b, the collected light is the sum of all 
guided light through the source-coupled waveguides (see Fig. 4d). In Fig. 4a, the emission 
spectrum of the QD dots and the spectrum of guided light are shown for comparison. 
Because the two spectra can be shifted by changing the distance to the collecting fiber, the 
values of the relative intensity in Fig. 4b do not completely represent the guiding loss and 
coupling efficiency; however, we see the fabricated waveguides shows a flat guiding 
behavior around the emission region. This neutral response of the waveguides will be useful 
for light delivery to a desired point without altering the source spectrum. 
The guiding loss of the waveguides has been experimentally quantified. Because of 
the small size of the waveguides, we estimate the guiding loss by photometry using a 
microscopic charge-coupled device (CCD) camera. Compared to the guiding loss of 
conventional communication optical fibers, that of micro-waveguides is significantly larger, 
on the order of ldB/mm. Therefore, we can directly detect the leaky light by a microscopic 
CCD camera. The optical field of the camera is corrected to be flat by using a reference 
image of a fiat field from an integrating sphere, and the dark current contribution is also 
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compensated [22]. All data acquisition is performed in the linear regime of the CCD camera. 
Fig. 5b is the acquired image after all corrections. The guided light propagates from left to 
right. In the image, all source-coupled waveguides appear as a single bright region rather 
than individual waveguides. The bright area contains approximately 30 waveguides directed 
from left to right. In contrast, other areas are significantly darker because the waveguides in 
those areas are not coupled with the QD light source. The distinct bright spots represent 
relatively large leaks of the guided light caused by defects of the waveguides and tiny dust 
particles on the surface of the waveguides. The intensities of the pixels in the source-coupled 
region and in the uncoupled region are averaged, respectively, along y-axis. Fig. 5a shows 
the difference between the two average values along x-axis. A number of peaks in the 
averaged difference are from the localized bright spots. From an exponential decay fitting of 
the baseline, we can determine a decay coefficient, 0.4 which corresponds to a guiding loss 
of 1.7dB/mm. This value is comparable to that of other small waveguides [8,23,24]. 
The direct embedding of a QD source enables simple and compact source coupling 
without requiring accurate alignment, however, an external source coupling is still desirable, 
mostly for high intensity applications. Since 2P-|0,TM is superior for layer-by-layer 
fabrication, fabricating a grating coupler is technically simpler than in other techniques. 
However, fabrication of a grating coupler for visible light is also a technical challenge since 
the grating coupler requires a sub-micron feature size, and this scale has not been reported 
before. Because of the high yield of 2P-|iTM, it is possible to transfer a grating structure to 
the top of a fabricated waveguide array using the same procedure in Fig. 1. A fabricated 
grating coupler is seen on top of an array of waveguides in Fig. 6a and 6b. The periodicity of 
the grating is 1.0 |im and each bar of the grating is 0.5 |im wide and 0.6 |im high. Because of 
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the additive nature of 2P-JITM, the grating coupler can be added without any etching 
processing. To find an efficient incident angle, a Helium-Neon laser beam (X=633 nm) is 
focused on the edge of the grating coupler and the angle to the surface normal is changed 
while monitoring the guided light. At an incident angle of around 60°, most intense guided 
light is observed in Fig. 6c. Instead of the laser beam, white light from a tungsten lamp can 
also be coupled to the waveguides with the grating coupler. We observe different colors of 
guided light from changing from red to blue with changing incident angle. 
Conclusion 
A non-photolithographic fabrication technique, called 2P-|iTM, is applied to produce 
small-scale polymer waveguides. The fabricated waveguides show sufficient performance to 
be used for photonic devices in the visible regime with a guiding loss of 1.7dB/mm. Two 
different source coupling methods are demonstrated for internal and external light sources. 
The light from the embedded QD light source is efficiently coupled to the waveguides and 
this coupling would be useful for miniaturized sensing devices in bio applications even under 
aqueous solutions. In addition, a grating coupler for an external light source is also 
successfully demonstrated indicating that 2P-|iTM has sufficient structural fidelity even for 
submicron features. 
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Figure 1. Schematic illustration of 2P-|iTM for waveguides. 
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Figure 2. Fabricated waveguides array 
with coupled light sources, (a) SEM 
micrograph of the waveguide and (b) 
optical micrograph of the coupled light 
sources are shown with (c) a schematic 
illustration of guided light. 
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X = 625nm. The calculated electric filed profiles are superimposed on a SEM micrograph of a 
single waveguide. 
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micrograph of guided light. 
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Figure 6. Fabricated grating coupler, 
(a) Top and (b) slant view of the SEM 
micrographs of the grating coupler; (c) 
Photograph of the waveguide array 
with the grating coupler shows the 
guided light 
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CHAPTER 9. CONCLUSIONS 
Research overview 
We have demonstrated that the fabrication of woodpile photonic crystals using soft 
lithographic technique is feasible and promising. The fabrication scheme involves several 
novel techniques, including 3D template fabrication, alignment, and template conversion. 
First, we developed 2P-p,TM to provide a route for the fabrication of highly layered 
microstructures with high yield and high structural fidelity. We improved the consistency of 
the fabrication processes by controlling the UV dosage for the photo-curable prepolymers. 
Applying two different prepolymers enables us to separate the bonding and the structural 
functions accomplished by a single prepolymer in conventional [xTM. By separately 
controlling the chemistry and application of the prepolymers, we achieved both high bonding 
strength and extremely low capillary wicking. Moreover, the exact filling without residues 
and selective coating of the prepolymer, relying on the differences in the surface energies, 
were efficiently achieved by a wet-and-drag process. We believe that the advantages of 2P-
fiTM will improve 3D microfabrication for a variety of applications while preserving the 
advantages of conventional ^TM. 
Second, a visual alignment system for layer-by-layer microfabrication based on 
diffracted moiré fringes (DMFs) with white light has been developed. The comparison study 
between moiré pattern and SEM cross-section micrograms demonstrated that DMFs can be 
used as a non-invasive optical inspection tool for obtaining structural information of 
multilayer samples. The imaging of first-order-DMF has a number of attractive features for 
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analysis and alignment of multilayer microstructures: selective imaging depending on aligned 
orientation; enhanced contrast of moiré fringes; availability of a visual inspection of 
alignment status; simplicity in multilayer alignment even under low contrast of patterns. 
With these advantages, the imaging method of first-order-DMF should be applicable for 3D 
fabrication of microstructures using soft lithography, as an inspection and alignment tool 
even when moiré patterns are extremely complex. 
Third, two different methods for 3D MFCs using soft lithography are attempted. By 
simple deposition and by electrodeposition, the polymer templates are converted to MFCs. 
The MFCs from gold sputter deposition exhibits fully metallic features with a high rejection 
factor and high transmission contrast. With a high degree of control over the structure of 
MFCs, this fabrication method will allow us to implant defect structures to tailor optical 
functionalities without modification of the fabrication method. The structural flexibility of 
the MFCs will allow applications requiring curved geometries. Moreover, the distinct free­
standing feature, if fluid-permeable, would be useful for combining photonics and 
microfluidics in biological and chemical engineering. The MFCs from electrodeposition 
exhibits high enhancement of thermal emission at the band edge, comparable to that of 
Tungsten MFCs by state-of-art semiconductor processing. By adding a homogeneous 
backplane to the conventional woodpile structure, we realized an alignment-free photonic 
crystal emitter. 
We are attempting to extend our 2P-|iTM technique for other photonic applications 
such as integrated optical circuits. Inorganic optical waveguides using two-dimensional 
photonic crystals and silicon-on-insulator technology would be examples of recent trends for 
macro- and micro-scale optical applications, respectively. As visible light is mainly used for 
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bio-photonics, visible-transparent materials such as metal oxides and polymers are preferred 
as the guiding medium. Although polymers have tremendous potential because of their 
enormous variation in optical, chemical and mechanical properties, their application for 
optical waveguides is limited by conventional lithography. Our non-optical lithographic 
technique can be used to fabricate polymer nano-waveguides. The technique may achieve 
low cost, high yield, high fidelity, and tailorable fabrication. 
In addition, the success of 3D microfabrication via 2P-jiTM would be extendable to 
other novel applications beyond the photonic applications since various 3D microstructures 
with broad ranges of materials such as polymeric, active, magnetic and metallic materials are 
possible with dominant surface effect and limited interactions due to 3D patterning. 
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